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Abstract
ABSTRACT
Damage development in non-crimp fabric glass/epoxy cross-ply laminates has been 
studied under quasi-static loading. Two laminate lay-ups have been studied: NCFA 
(WARP/WEFT)S and NCFB (WEFT/WARP)S. The warp tows are slightly wavy, 
approximating to a misalignment that varies sinusoidally, whereas the weft tows are well 
aligned. A warp knit stitching was used to hold the fibres together in a fabric form. All 
laminates were fabricated using a wet lay-up process to impregnate two layers of fabric 
prior to curing.
Uniaxial quasi-static tension tests were carried out on specimens of each laminate type, 
with some specimens prepared with polished edges and some without. Damage 
morphology and laminate microstructure were observed in detail and the development of 
damage quantified as a function of applied strain using both photography and microscopy.
Transverse ply matrix cracking was the major type of damage observed. The manner in 
which damage accumulated and the crack morphology which developed in these 
laminates, were found to be similar to that observed in cross-ply laminates. As a result of 
this similarity, damage could be quantified by > an area crack density measurement 
analogous to that used for cross-ply laminates. The NCFB type laminates were found to 
have a more complex crack morphology than the NCFA types, attributed to the wavy, 
misaligned nature of the warp 90° tows in the NCFB laminates. As an aid to quantifying 
the damage, a new concept has been introduced. The ‘linear loop density’ is defined as 
the number of loops per unit length of non-crimp fabric either in the warp or weft 
direction. The relationship between the laminate linear loop density and the saturation 
crack density was compared and good correlation occurred for the unpolished edge NCFA 
specimens, where matrix crack initiation sites are shown to be associated with the resin-
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rich regions caused by the loops. However, in the NCFB laminates, the much higher 
crack densities at failure were consistent with the lack of influence of the loops on crack 
accumulation (since the transverse tows are more dispersed in these specimens).
The degradation in laminate modulus as a result of the accumulation in cracking was 
modelled using three slightly different shear-lag analyses. Good predictions for both 
laminate types are obtained when using a shear-lag analysis that assumes a parabolic 
variation of the shear in the longitudinal plies and of the longitudinal displacements in the 
transverse ply. In addition, the waviness of the warp 0° tows has been modelled by 
approximating this waviness to a sine wave, and the predicted effective 0° ply modulus 
using this method agrees well with the modulus derived from experimental results.
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Chapter 1 - Introduction
CHAPTER 1 
Introduction
There is a broad spectrum of materials which fall into the category of a man-made 
‘composite’, such as metals, ceramics or polymers with various forms of reinforcement, 
either long or short fibres, particles or fabric reinforcement. A composite, in the 
engineering sense, is defined as a material that comprises two (or more) constituent 
distinct phases. For the purpose of this thesis concerning polymer matrix composites, the 
two phases within this type of material system are a polymeric matrix (i.e. epoxy resin) 
and dispersed within this is a reinforcement (i.e. continuous fibres). Together these 
constituents produce a synergistic effect. The function of the matrix is to support the 
reinforcement, transmit the external load to the reinforcement and to bind the 
reinforcement together. The function of the reinforcement is to support the external load 
and to produce an improved material compared with the matrix material on its own. The 
reinforcement should therefore be stronger and stiffer than the matrix. The mechanical 
properties and performance of the composite can be designed in order to meet the 
requirements of the final application of the material, preferably at the lowest cost.
Although composites as engineering materials are often considered to be late twentieth 
century creations, mankind has been employing elementary composite systems for 
thousands of years. An early example is the reinforcement of clay bricks with straw, with 
a view to reducing the shrinkage during drying and improving their toughness, whilst 
modem day plastic mouldings use talc and other inorganic fillers to achieve a similar 
effect. In ancient times, a more advanced use of composites is the horseman’s bow. A 
laminate structure was employed, made from layers of wood, bone and cloth, in order to 
meet the criteria for a smaller, lighter and stiffer bow, preventing the loss of power 
previously observed in bows used by foot soldiers (Hull, 1981). This kind of application, 
with discrete layers of material to form the bow, can be related to the current primary
1
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fabrication process (i.e. lamination) used for high performance composites.
Composite materials can be also found in nature. Wood is a classic natural engineering 
composite material, comprising fibrous crystalline cellulose embedded in an amorphous 
lignin and semi-crystalline hemicellulose matrix (Ashby and Jones, 1980). Bone and 
other geological formations are other natural examples of composite materials. Modem 
engineering composites began to develop around the 1940’s with glass fibre reinforced 
polyester resins. Many engineering applications can be found for fibre reinforced 
composite materials, ranging from items such as consumer sports goods (i.e. tennis 
rackets), to primary structures in the aerospace industry.
The present work is based on continuous fibre polymer matrix systems, which have layers 
of continuous, unidirectional fibres stacked at various orientations (i.e. 0°, 90°, ±0°, 
where 0 is often at 45°) in order to produce laminated structures. For laminates within 
which all fibres are in the same direction, good stiffness and strength properties are 
observed, when loaded parallel to the fibres. However, due to the anisotropic nature of 
such composites, these properties greatly decrease when they are no longer loaded parallel 
to the fibre direction. The property values are at a maximum when loaded longitudinally 
(parallel to the fibre), but at a minimum when loaded in the transverse direction (normal 
to the fibres). With this in mind, quasi-isotropic laminates are often constructed with 
plies oriented in the 0°, 90° and ±45° directions, with the 0° plies carrying most of the 
load and providing most of the stiffness. The transverse strength and stiffness is provided 
by the transverse plies, with the ±45° plies providing the shear strength and stiffness. The 
present work is based on the cross-ply laminate, which has plies orientated in the 0° and 
90° directions.
Continuous fibre polymer composite laminates possess some superior mechanical 
properties to those of metal alloys such as steel i.e. high specific strength and stiffness 
(tensile strength to density ratio and modulus to density ratio, respectively). Whilst 
modem composites used in primary load-bearing structures, such as in aerospace, have 
been significantly dominated by such composites which are fabricated from unidirectional 
tape and prepreg (with their favourable uniaxial strength/stiffness) they are, however.
2
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labour intensive in their manufacture. Although these unidirectional pre-preg tape 
(UDPT) laminates tend to have very good uniaxial stiffness to weight ratios, there is an 
increasing trend to select reinforcing fabrics for use in composites. These fabrics have 
the reinforcing fibres held together by methods such as weaving, braiding, knitting, 
felting or stitching. Current examples of reinforcing fabrics or textiles are woven fabrics 
(plain weave and eight harness satin, 8HS, being common types), knitted, braided, and 
three-dimensional fabrics.
The beneficial features of fabric reinforcement over UDPT are usually based upon 
manufacturing economics, ease of laying up, complex geometries and damage 
containment (Baillie, 1989). The weight of the fabric is an important factor in that a 
heavier weight of reinforcement speeds up the lay-up process, but may be more difficult 
to lay and infiltrate. The use of fabrics can significantly reduce lay-up time, as well as the 
number of seams that occurs with the lay-up of unidirectional tape. Fabrics (such as 
woven) also show increased resistance to impact damage, with significantly less impact 
damage area being seen in woven fabric based laminates than in non-woven 
(unidirectional tape or prepreg) fibre based laminates (Baillie, 1989).
More recently, a new addition to the class of textiles is the non-crimp fabric, which 
consist of multi-directional, continuously aligned layers of reinforcing fibre tows, held 
together by a warp knit stitching pattern. These materials are useful in that they have all 
the advantages of a fabric preform, as well as maintaining (as far as possible) the 
straightness of the fibre tows (unlike woven or knitted fabrics) in order to optimise 
mechanical performance in a given composite laminate. Non-crimp fabrics are discussed 
in detail in Section I of Chapter 2.
For any composite system, it is important to understand how damage develops under 
service loading conditions, and how this can degrade the performance. In continuous 
fibre polymer composites, the common form of initial macroscopic damage is matrix 
cracking. There has been extensive experimental and theoretical studies of such damage, 
particularly for the model system of transverse (90°) ply matrix cracking in a cross-ply 
laminate, with many models proposed for predicting such cracking; these are discussed
3
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later (Chapter 2). The present work is concerned with a (0790°) non-crimp fabric 
laminate, which is similar in construction to a cross-ply laminate.
The aim of the present work is to study the development of damage (i.e. transverse ply 
matrix cracking) in non-crimp fabric glass/epoxy cross-ply laminates under quasi-static 
tensile loading conditions. Further, the effects of matrix cracking on the residual modulus 
of a NCF laminate have been studied, and a model has been developed to predict this 
effect. The effect of the waviness of the warp tows in the biaxial non-crimp fabric upon 
90° matrix cracking, as well as the effects of edge preparation of test coupons are also 
investigated.
The layout of this thesis is as follows. A literature review is carried out in Chapter 2; 
Section I of this review discusses non-crimp fabrics in detail and Section II summarises 
relevant previous work on matrix cracking in continuous, aligned cross-ply laminates 
under quasi-static loading. Chapter 3 deals with the materials and experimental methods 
used within this work, including details of laminate manufacture and testing methods. In 
Chapter 4, the damage that occurs in these non-crimp fabric cross-ply laminates during 
quasi-static loading is described and results are predicted for the accumulation of damage 
as well as the degradation of modulus as a result. Chapter 5 presents and discusses the 
development of a theoretical model, based on a shear-lag analysis for matrix cracking, for 
the reduction of stiffness as a result of damage and compares the prediction of the model 
with experimental data. The conclusions of this work are summarised in Chapter 6, with 
suggestions for future work outlined in Chapter 7.
4
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CHAPTER2 
LITERATURE REVIEW 
I: Non-Crimp Fabric Laminates 
II: Transverse Ply Matrix Cracking in Cross-Ply Laminates
Preamble
A review is carried out in two parts: non-crimp fabric laminates and transverse ply matrix 
cracking in cross-ply laminates. The former section outlines the characteristics of this 
new class of materials. The non-crimp fabrics are classified, described and the 
manufacture outlined. The morphology and microstructure is highlighted and a review is 
carried out of the mechanical properties, including tensile, flexural, compressive as well 
as damage tolerance and toughness behaviour. Since almost no relevant literature relating 
to the damage accumulation behaviour of non-crimp fabric laminates was found, a review 
is carried out on transverse ply matrix cracking in cross-ply laminates, which are the 
closest in architecture to the non-crimp fabric laminates tested in this work. Multiple 
matrix cracking is described from crack initiation to propagation and saturation prior to 
final failure of these laminates by other damage mechanisms. Various methods for 
predicting first ply failure and the accumulation of damage as well as the subsequent 
reduction in properties, namely stiffness, are discussed. Predictions of cracking are 
subdivided into strength-based and fracture mechanics-based models.
5
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I: NON-CRIMP FABRIC LAMINATES
2.1. BACKGROUND
Textile structural composites have the potential for extending the engineering applications 
of composite materials significantly. Textile processes such as weaving, however, 
introduce deformation of the straight fibre tows (i.e. a degree of fibre crimp) with a 
consequent reduction of in-plane properties compared with the optimum for composites 
with straight fibre tows such as unidirectional pre-preg tape, UDPT (Zweben, 1989). This 
effect in woven fabric composites has been modelled extensively by many workers 
including Chou, Naik and co-workers (e.g. Chou and Ko, 1990; Naik and Shembakar, 
1992). Hogg et al (1993) reported that woven textile composites also show weak 
interlaminar strength due to the absence of reinforcement in the out-of-plane directions 
(through thickness). However, three-dimensional structures, such as 3-D braid and knit, 
introduce out-of-plane reinforcement (albeit at the expense of in-plane properties) since 
even a small number of fibres through-the-thickness can increase the interlaminar 
toughness significantly.
The current trend is to expand the use of composites from secondary non-load bearing to 
primary load bearing structural applications and this requires a significant improvement in 
the damage tolerance and reliability of composites (Du and Ko, 1996). It is also desirable 
to broaden the employment of composites from that of the aerospace industry, into areas 
such as the automotive and building construction industries, by reducing cost and 
increasing production rates.
A more recent addition to the class of textiles for composites is based on the production 
method for non-crimp fabric (NCF). This method allows layers of continuous aligned 
fibre tows to be stitched together as an integral part of the fabric manufacturing process, 
to produce multi-axial reinforcement with little or no crimp of the fibre (see for example 
Hogg and Woolstencroft, 1991). NCF is a textile fabric that can potentially overcome
6
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woven fabric deficiencies in strength and stiffness with apparently no significant property 
reductions (Hogg et al, 1993). Non-crimp fabrics have also been described as multi-axial 
warp knit (MWK) fabrics as the stitching is of the warp knit type. However, the term 
non-crimp fabric (NCF) will be used throughout this study.
Non-crimp fabrics show high dimensional stability and ease of handling during 
manufacture, maintaining structural integrity of the fabric, lending themselves to more 
automated fabrication methods such as the resin transfer moulding (RTM) process, as 
well as more traditional methods, such as pre-pregging (Wang et al, 1994). Due to their 
excellent drapeability, the fabric can conform to complex shapes (see Figure 2.1) and a 
faster wet-out is achievable, as little or no binder is required. All these factors reduce 
manufacturing lay-up time and thus cost. Resin flow is greatly enhanced not only in 
orthogonal directions (as in the biaxial NCF) but in up to eight directions, as in the case of 
a quadriaxial fabric, due to the straight, uncrimped, parallel fibres (see Figure 2.2). In the 
RTM manufacturing process, for instance, injection times can be reduced due to the 
structure being regular, allowing the structure to provide internal runners (pathways) 
along which the resin can flow (BTI Europe, 1997; Hogg and Woolstencroft, 1991).
In addition, NCF's lend themselves not only to traditional laminate fabrication with 
thermosetting matrices, but also with thermoplastic matrices (e.g. polypropylene) as yams 
of matrix can be interdispersed on-line with the reinforcing fibres and held together in a 
non-crimp fabric form (Hogg and Woolstencroft, 1991). This is described as 
interdispersed non-crimp fabric. The following section discusses the manufacture and 
fibre architecture of non-crimp fabrics in more detail.
7
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2.2. CLASSIFICATION, DESCRIPTION AND MANUFACTURE
2.2.1. Non-Crimp Fabrics
Non-crimp fabrics are constructed with layers of tows of reinforcing fibre, aligned in a 
number of possible specific orientations (i.e. 0°, 90°, ± 6°). These tows lie next to each 
other and a secondary yam, usually polyester, is used to stitch the aligned fibres together 
through-the-thickness (Hogg et al, 1993). The fabric is thus created by the process of 
stitching layers of reinforcing fibres together (Bibo et al, 1997). A non-crimp fabric may 
be monoaxial, biaxial, triaxial or multi-axial (i.e. quadriaxial, in order to simulate a 
quasi-isotropic reinforcement structure). Figure 2.3 shows a schematic representation of 
the construction of a NCF. A warp knit stitch has many yams forming loops (or stitches) 
simultaneously in the warp direction, with the loops intermeshing along the length of the 
fabric (Taylor, 1981). Figure 2.4 show two examples of a quadriaxial non-crimp fabric 
having a chain and a tricot knit stitching pattern, with Figure 2.5 showing unit cells of 
these two knit stitching patterns.
Non-crimp fabrics can be described as a laminar reinforcement system consisting of 
linearly untangled aligned continuous fibres with through-the-thickness stitching. 
Although it has been described as a planar (2-D) fabric, due to the through-the-thickness 
stitching it is better described as an integrated (3-D) system (Ko, 1994), especially where 
multi-axial layers constitute the NCF ‘blanket’. Bibo et al (1997) use the term 'blanket' to 
describe the NCF as a 3-D preform. A non-crimp fabric can also be described as a 3-D 
multi-axial warp knit stitched fabric (with weft inserted reinforcing yams). A wide 
variety of fabric preforms, other than NCF can also be produced, as shown in Figure 2.6.
Non-crimp fabrics are manufactured on two main types of weft insertion warp knitting 
machines (Liba or Mayer). Stitching runs in the warp (0°) direction and reinforcing yams 
are placed with respect to the warp. The chain or tricot knit stitching patterns are the two 
basic types of stitch used (Figure 2.4). The tricot knit stitch is normally employed if the 
0° tows are on the surface of the fabric (Dexter and Hasko, 1996). Although the most
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commonly used stitching yam is polyester, other yams may be used, such as glass or 
carbon.
Different manufacturers use different knitting machines to produce different types of 
fabric and orientation possibilities of the reinforcing yam, dependent on the processing 
parameters employed, leading to differences in the end fabric architecture. The major 
non-crimp fabrics are Cotech, Hexcel, Milliken and Saerbeck.
In the Liba knitting process, the chain, tricot or alternating chain/tricot knit stitch pattern 
may be used. However, the stitching impales the fibre leading to fracture of the yam 
tows. Cotech, Hexcel or Saerbeck fabrics are made on this machine type. In the Mayer 
knitting process, the chain knit stitch pattern is used, but in this case the individual yams 
within each layer are spaced for needle clearance, with no fibre impalement (Dexter and 
Hasko, 1996). However, the in-plane density of fibres will be less for the Mayer 
produced fabrics, leading to lower fibre volume fractions within the laminate. Figure 2.7 
shows the Mayer and Liba processes.
The two major manufacturing routes for non-crimp fabric construction allow only a 
certain number of layers of reinforcement, although there is the potential to be able to 
construct a fabric with as many layers as is required for the end product. The Liba 
knitting process can produce up to an eight-ply fabric with ply orientations (0°, 90°, ±0°) 
with 0 ranging from 30° to 90°. The Mayer knitting process can produce up to a four-ply 
fabric with ply orientations (0°, 90°, ±0°) with 0 ranging from 30° to 60°. Note however, 
that different knitting processes cause the tows to spread differently, leading to different 
processing parameters and fibre architectures in the laminates (Dexter and Hasko, 1996).
2.2.2. Stitched Fabrics
In a non-crimp fabric, the stitching is in the knit form (chain or tricot) and is used 
primarily to hold the aligned reinforcing fibres in place as a dry fabric preform. The 
stitching is an integral part of the fabric manufacturing process with the preform able to
9
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be fabricated in a form ready to be used with no subsequent processing. However, 
stitching is also employed as a secondary process in a new class of materials called 
stitched materials. In this case preforms (dry or pre-pregged) of either UDPT or 2-D 
fabrics are stitched through the thickness of all the layers, in order to improve the out-of­
plane performance, and especially damage tolerance and interlaminar properties. In other 
words, this additional process is used to combine 2-D planar preforms with stitching, to 
produce an integrated 3-D form of reinforcement.
Dransfield et al (1994) review the improvement of delamination resistance of CFRP due 
to stitching in detail. There are many studies in this field (e.g. Morales, 1990; Farley and 
Dickenson, 1992; Mouritz et al, 1997) where the effects of stitching on many types of 
preform with respect to laminate out-of-plane performance have been investigated. It is 
beyond the scope of this review to go into detail in this area, but some points made by 
Dransfield et al (1994) are indicated below which are relevant to the field of NCF's.
Through-thickness stitching, then, is an additional process used to combine many layers 
together, and is often achieved using commercial hand sewing machine methods. 
Common stitch types include the lock, modified lock and the chain stitch (see Figure 2.8). 
They are not usually of the warp knit stitch type.
Stitching, especially through pre-pregged layers (i.e. of fabric or UDPT) may cause 
localised in-plane fibre damage resulting from needle penetration of the (2-D) fabric. 
This often reduces 3-D flexural properties compared with equivalent unstitched 2-D fabric 
laminates. Compression after impact (CAI) behaviour, used to assess damage tolerance, 
usually improves significantly as a result of stitching through the thickness. Stitching 
improves impact behaviour but reduces in-plane properties. Compression properties, are 
however, often reduced. The influence of the out-of-plane stitching on mechanical 
performance is often seen as a trade-off between in-plane and interlaminar (out-of-plane) 
properties.
The presence of through-thickness reinforcing fibres creates resin-rich pockets, thus 
reducing fibre volume fraction relative to comparable unstitched 2-D fabric composites.
10
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The fibre volume fraction may be decreased as a result of the deformation caused by the 
out-of-plane fibres during laminate consolidation (Dransfield et al, 1994).
Lee and Liu (1990) suggested that high stress concentrations might arise as a result of 
material discontinuities caused at the stitching point, especially in pre-pregged preforms. 
Farley and Dickenson (1992) found that in-plane waviness of the reinforcing fibres, 
within the initial fabric, might be produced if insertion of the needle causes fibre 
misalignment. This, coupled with high stress concentrations as a result of the presence of 
the stitching, may result in reduced mechanical performance. In addition, the surface loop 
produced by the stitching process may result in kinking of the surface layers of in-plane 
fibres. Farley and Dickenson (1992) found that surface layers were not as effective as the 
interior layers in carrying the composite load due to the kinking of the in-plane fibres.
To summarise the distinction between stitched fabrics and non-crimp fabrics, we can 
conclude that in NCF's, the stitching provides the mechanism to produce the fabric 
blanket as a primary preform process, whereas secondary (through-thickness) stitching 
provides the mechanism to produce layers of dry or pre-pregged preforms held together as 
a 3-D reinforcement.
2.3. MORPHOLOGY AND MICROSTRUCTURE
Turning to the morphology and microstructure of laminates based on NCF, these 
laminates are characterised by some degree of fibre crimping and fibre waviness (Hogg et 
al, 1991). The stitching yam in a NCF travels around the fibre tows and is fixed into the 
resin on curing. The stitching yam influences the microstructure of the composite by 
retaining fibres in discrete bundle form (Kay and Hogg, 1993). Godbehere et al (1994) 
found that during the manufacture of their NCF carbon-fibre/epoxy triaxial (0°, ±45°) 
NCF laminates, 0° fibre tows may be either spread evenly across the layer width (spread 
NCF) with straight tows of fibre, or the 0° fibres may lie intermittently on top of each 
other introducing fibre wrinkling locally (stacked NCF). The possible differences in the
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zero layer morphology are illustrated in Figure 2.9, showing a schematic of “stacked” and 
“spread” NCF styles. Godbehere et al (1994) also noted that fibres nest into inter-tow 
gaps of adjacent layers, so that 0° tow straightness is influenced by the distribution of the 
±45° layers, and the ±45° fibre straightness is influenced by the distribution of adjacent 
±45° or 0° layers. Figure 2.10 shows a sketch of a typical NCF microstructure.
Backhouse et al (1995) compared the microstructure of a multi-axial lay-up NCF laminate 
with an equivalent UDPT laminate (see Figure 2.11). As is typical of NCF laminates, the 
NCF laminate has a heterogeneous structure consisting of distinct fibre tows and resin 
rich areas with polyester stitching fibres which knit together the separate layers, whereas 
the UDPT laminate has a homogeneous structure with no evidence of individual fibre 
tows.
As Rai et al (1991) have noted, NCF laminate microstructure, and in particular fibre 
straightness, is an important parameter in mechanical performance. The mechanical 
properties of NCF laminates are discussed in the next section.
2.4. MECHANICAL PROPERTIES
2.4.1. Introduction
The following is a review of the current literature, on the mechanical behaviour of 
non-crimp fabric laminates. This literature review follows two distinct avenues, split into 
the following two sections: basic mechanical properties, such as the tensile, compressive 
and flexural behaviour, and damage tolerance, i.e. impact, compression after impact, 
toughness and fracture mechanisms. The performance of NCF materials is usually 
compared with other existing composite preforms, such as unidirectional pre-preg tape 
(UDPT) and woven fabrics.
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2.4.2. Tensile, Compressive and Flexural Properties
Various studies (i.e. Hogg et al, 1993; Hogg, 1993; Godbehere et al, 1994; Wang et al, 
1994; Dexter and Hasko, 1996; Bibo et al, 1997) have investigated the tensile, flexural 
and compressive behaviour of a wide variety of non-crimp fabric based laminates.
Hogg et al (1993) examined the tensile and flexural mechanical properties in up to four 
test orientations (0°, 90°, ±45°) of two main classes of NCF. Biaxial (± 45°) and 
quadriaxial (0°, ±45°, 90°, -45°) polyester/glass NCF laminates were investigated, with 
differing areal weights of fibres, having a chain knit and a tricot knit polyester stitch, 
respectively. All laminates were produced using a hand lay-up process and the fibre 
volume fractions ranged from 32 % - 39 %. Results were compared with woven and 
CSM laminates of equivalent lay-up, as a function of areal weight for each laminate type. 
The results were also compared to predictions based on classical laminate plate theory 
(LPT) for continuously aligned homogeneous laminates.
For a given fibre volume fraction, superior properties were exhibited in the biaxial NCF 
laminates upon comparison with similar woven roving laminates (as well as chopped 
strand mat). Equivalent properties were exhibited in the quadriaxial NCF laminates upon 
comparison with similar woven composites. Figure 2.12 shows results from this work for 
tensile modulus as a function of fibre volume fraction, along with the LPT predictions. In 
general, the experimental data for the modulus of NCF laminates tended to exceed the 
LPT predictions for equivalent Vf laminates. Hogg et al (1993) suggest that the presence 
of the knitting yam holding fibre tows in place in the non-crimp fabric will make some 
contribution to the Young’s modulus. They argue that the polyester stitching yams may 
act to constrain independent movement of fibres in different plies, thus increasing the 
laminate stiffness. For both biaxial and quadriaxial laminate types, it was found 
experimentally that the modulus in tension exceeded that in flexure and the strength in 
flexure exceeded that in tension (by up to 20 % -  30 %). Not surprisingly, changes to the 
flexural strength of the biaxial NCF laminates was found to be influenced by the 
orientation of the outer plies and their thickness.
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Godbehere et al (1994) investigated the tensile and compressive mechanical properties 
(along with interlaminar shear strength), longitudinally and transversely, of (0°, ±45°) 
carbon/epoxy NCF laminates with both “stacked” and “spread” 0° plies (see Figure 2.9). 
The laminates, j stacked manually and autoclaved, gave fibre volume fractions 
between 55 % - 60 % which is much higher (by about 20 %) than for the laminates 
produced by Hogg et al (1993) using a hand lay-up method. Generally the (0°, ±45°) 
NCF laminates performed well in comparison to UDPT laminates, although transverse 
strength was greatly reduced, which was attributed to the influence of large inter-tow 
defects longitudinally. Compared to the UDPT laminate, longitudinal and transverse 
tensile strength was reduced by 1 % and 13 %, respectively, for the “spread” tows, and by 
6 % and 15 %, respectively, for the “stacked” NCF laminate. Upon comparison with the 
UDPT longitudinal and transverse moduli, the “spread” NCF laminate showed a 
reduction by 3 % and 10 % respectively, whereas in the “stacked” laminates, an increase 
in moduli of 4 % was observed. For compressive strength parallel to the 0° fibres, both 
“spread” and “stacked” NCF laminates were superior to the UDPT laminate. The 
“spread” NCF laminates performed better than the “stacked” by between 3 % -  7 %, due 
to the reduced level of fibre crimping in these materials. However, in compression, the 
“spread” laminates performed poorly, attributed somewhat unclearly by Godbehere et al 
(1994) to lamina distortions. This highlights that even a low level of crimping in the fibre 
tow can have a large effect on properties.
Due to the inhomogeneity of the NCF morphology, it has been noted (Godbehere et al, 
1994; Hogg et al, 1993) that there can be problems in applying classical laminate plate 
theory which assumes a homogeneous microstructure. However, it has also been pointed 
out that for modelling purposes, if the resin-rich regions and other factors are taken into 
account, the complications due to microstructural inhomogeneity could be overcome.
Wang et al (1994) investigated the tensile, compressive and flexural mechanical 
properties of three classes of NCF laminates (bi-, tri- and quadriaxial lay-ups were used). 
They found that in flexural testing, outer-ply delaminations preceded fibre failure. In 
compression, delaminations were preceded by sub-ply buckling and kinking. The failure 
mechanism was seen to depend on fibre direction, layer thickness and lay-up. In the
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multidirectional laminates, delaminations, transverse cracks and fibre breaks were 
noticeable and, in general, the NCF laminates were found to behave in a similar manner 
to cross-ply laminates.
Dexter and Hasko (1996) examined different types of commercially produced carbon- 
fibre quadriaxial NCF's manufactured using the two knitting processes, Liba and Mayer, 
with stitching in the form of a chain, tricot or a combination of both. The NCF laminates 
were compared to equivalent UDPT laminates. All the laminates were produced using the 
RTM method and two types of epoxy resin matrices were investigated, one toughened. 
The two types of Hexcel fabric that were produced on the Liba machine, with the knit 
stitching impaling the fibres, showed moderate fibre misalignment. The chain knit 
stitched fabric showed significant gaps between tows and undulations of tows compared 
to the tricot knit stitch fabric. The Milliken fabric was produced on the Mayer knitting 
machine, where the fibres are spaced for needle clearance, giving rise to uniform gaps in 
the fabric, with minimal tow misalignment.
The Hexcel and Milliken NCF laminates had tension and compression strengths up to 
30 % lower than their UDPT laminate counterpart, the reductions being attributed by 
Dexter and Hasko (1996) to fibre damage as a result of the knitting. As in the work of 
Godbehere et al (1994), Dexter and Hasko (1996) reported that fibre waviness is a major 
contributer to the initiation of fibre microbuckling under compressive loading.
Bibo et al (1997) investigated glass/epoxy quadriaxial NCF laminates and carbon/epoxy 
triaxial laminates, comparing their mechanical behaviour with similar lay-up glass-and 
carbon/epoxy UDPT and woven glass/epoxy laminates. As before, tensile and 
compressive behaviour of the glass/epoxy NCF laminate were found to lie below that of 
their equivalent UDPT counterparts, but above that of 8-HS woven fabric laminates, 
although the 6 % increase in fibre volume fraction for the UDPT laminates partly explains 
their superiority in behaviour. Good correlation was observed between LPT predictions 
of moduli for UDPT, but LPT underestimated the moduli by around 10 % for NCF 
laminates.
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The inferiority ofNCF over their UDPT counterparts is not so marked when fibre volume 
fractions are taken into account. However, on the same property-volume fraction basis, 
the mechanical property results for the glass-fibre laminates obtained from this study are 
poorer when contrasted with results for the glass/epoxy laminates in Hogg et al (1993). 
This could be due to the differences in processing route. A hand lay-up process was used 
in Hogg et al (1993), whereas in Bibo et al (1997) a pre-pregging route was used.
With regard to final failure of laminates tested under tension, damage at failure in the 
carbon-fibre NCF laminate was relatively localised in comparison with UDPT. The 
stitching may limit the propagation of damage away from the fracture initiation site. 
Figure 2.13 shows photographs of the carbon-fibre triaxial NCF laminate after failure in 
(a) tension and (b) compression.
2.4.3. Damage Tolerance (and Toughness)
Damage tolerance and compression after impact (CAI) has been investigated in many 
studies of NCF laminates (e.g. Kay and Hogg, 1993; Backhouse et al, 1995; Bibo et al, 
1995a,b; Bibo and Hogg, 1996; Bibo et al, 1998; Bibo and Hogg, 1998 and Dexter and 
Hasko, 1996). Toughness as well as interlaminar shear strength properties have also been 
studied (e.g. Godbehere et al, 1994; Bibo et al, 1997). Again, comparisons of these 
material systems have been made with conventional established systems such as 
unidirectional pre-preg tape (UDPT) and woven fabric composites. Below, the main 
findings of these studies are discussed.
Bibo and Hogg (1996) noted that the failure process in the NCF laminates tends to 
proceed gradually (as opposed to the sudden catastrophic mode exhibited in UDPT 
laminates) through a combination of matrix microcracking, fibre-matrix debonding, fibre 
breakage, and delaminations. Damage to the load-bearing fibres as a result of the 
stitching process may reduce the laminate in-plane properties, although it is expected that 
their interlaminar strengths will be high as a consequence of the stitching. Bibo and Hogg 
argue that it may be possible using NCF laminates to direct the expected damage to
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non-critical areas where damage propagation may be halted. Hence, it may be possible to 
avoid creating a major structural flaw, which will lead to failure of the 
structure/component during subsequent loading.
Kay and Hogg (1993) have investigated damage tolerance behaviour (damage resistance 
and CAI) on quadriaxial (-45°, 90°, +45°, 0°) glass/epoxy (pre-pregged) and glass/vinyl 
ester (hand lay-up) NCF laminates, comparing the results with similar glass/epoxy UDPT 
laminates. The pre-pregged NCF laminate showed a poorer resistance to impact damage 
than the equivalent unidirectional pre-preg in terms of damage area sustained for a given 
impact. However, the hand lay-up NCF laminate, with the tougher resin system, 
exhibited superior resistance to damage formation. Although in absolute terms the 
compression after impact properties of the NCF was inferior to the UDPT laminates, 
when normalised by the undamaged compression strength the results indicate a greater 
damage tolerance in the NCF materials which is possibly linked to the different nature of 
damage in the NCF laminates. Primarily, cracking in the NCF laminates occurs around 
the fibre bundles and then coalesces to form larger cracks, which have many of the 
characteristics of conventional delaminations, but appear more resistant to subsequent 
propagation.
Backhouse et al (1995) investigated the interlaminar toughness of pre-pregged triaxial 
carbon/epoxy NCF laminates, with (0°, -45°, +45°) and (+45°, -45°, 0°) configurations 
compared with equivalent UDPT laminates for both mode I and II loading. The 
compression after impact performance of composite materials has been shown to be 
correlated with mode I interlaminar toughness, GIC (Hirschbuehler, 1987). The initial 
impact delaminations being formed under shear are related to Gnc, and the propagation of 
damage under in-plane compression is likely to be influenced by out-of-plane buckling. 
Upon comparison with the UDPT laminates, toughness values of the NCF laminates were 
between 50 % and 100 % higher. However, in fracture mechanics testing, crack extension 
should be of a self-similar fashion, but this was not observed in the results for the NCF 
laminates where the fracture path deviated from linearity. Hence there is a question mark 
over the validity of the toughness values for the NCF laminates, related to the behaviour 
of the cracks in these laminates.
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A study of the interaction of the propagating crack with the laminate microstructure 
(Figure 2.14) by Backhouse et al (1995) suggested that the increased toughness of NCF 
laminates is not directly attributable to the fibre stitching, but may be associated with the 
heterogeneous character of the fibre distribution in NCF materials. Comparisons with 
UDPT laminates showed that in the NCF laminates, which have large fibre tows separated 
by resin rich areas, the fracture paths are irregular and propagate around the tows, leading 
to an enhanced fracture area. This observation is similar to that of Kay and Hogg (1993), 
mentioned earlier, who noted that cracking occurred around fibre bundles.
Bibo et al (1995a) evaluated the damage resistance (impact and CAI) of quadriaxial and 
triaxial glass/epoxy NCF laminates, comparing these results with woven and UDPT 
counterparts. Well-defined so-called “cone” or “pine tree” structures of fracture were 
observed in the NCF and UDPT laminates. Limited delamination damage was observed 
in the woven fabric laminate, with extensive fibre fracture. There was evidence of some 
cracks occurring around the fibre bundles. In subsequent work (Bibo et al, 1995b) 
however, damage sustained in the NCF laminates appeared different, with more diffuse 
cracking resembling delaminations, and a more “root-like” cracking pattern of these 
impact induced fractures.
Recent work by Bibo and Hogg (1998) also looked at the damage tolerance behaviour of 
carbon/epoxy triaxial NCF’s, again compared with UDPT laminates. They concluded 
that there are no short-term performance penalties associated with the use of NCF’s as 
compared with UDPT laminates. Also, the use of a high tenacity knitting yam 
(Kevlar 49) over that of the more conventional polyester yam type, appears not to 
translate through to improved post impact compression strength, although a significant 
reduction in damage area was observed. Open hole compression results showed that the 
NCF laminates appear relatively notch insensitive for both small and large holes 
exhibiting similar net section compression strengths. On a cost-effective level, the 
authors felt that the non-crimp fabric based laminates look set to provide a viable 
alternative manufacturing system for the aerospace industry.
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2.4.4. Summary of Mechanical Property Behaviour of NCF Laminates
Generally, mechanical properties (tensile, compressive and flexural), in NCF laminates, 
were found to be comparable or not significantly inferior to their equivalent UDPT 
counterparts, whilst being generally equivalent upon comparison with similar woven 
fabric laminates (e.g. Hogg et al, 1993; Godbehere et al, 1994; Wang et al, 1994; Bibo et 
al, 1997). NCF laminates tend to exhibit significant inhomogeneities and complexity of 
microstructure, as a result of the stitching process creating phenomena such as fibre 
waviness and misalignment, resin rich pockets, fibre bundling and possible fibre damage 
which can adversely affect performance (e.g. Godbehere et al, 1994). Poor compression 
performance highlights the fact that a low level of fibre crimping can have an adverse 
effect on properties, with fibre waviness being a contributer to the initiation of fibre 
microbuckling. In general, properties were found to be dependent on the fabric 
architecture (and knitting processes), processing routes, lay-up and fibre volume fraction. 
Performance in the NCF laminates often showed dependence upon loading orientation, 
explained in part by their microstructural inhomogeneity, such as misalignment and 
waviness of fibre tows in a particular orientation. The toughness performance of NCF’s 
may be enhanced as a result of the irregular fracture paths within these laminate types and 
enhanced toughness is not necessarily dependent upon the presence of the stitching itself 
(e.g. Backhouse et al, 1995). Such a result points to the necessity of understanding 
damage accumulation in NCF laminates, but as the next section indicates, little work has 
been carried out in this area.
2.5. DAMAGE ACCUMULATION
To date, there has been little work conducted in the area of modelling property 
degradation as a result of progressive damage accumulation in non-crimp fabric based 
composites. Of the few detailed observations made, Wang et al (1994) noted, that in 
tension a ‘knee’ due to failure of the 90° plies in a biaxial NCF laminate was observed 
(similar to cross-ply laminates; e.g. Garrett and Bailey, 1977a). In these NCF laminates,
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small transverse cracks first developed within the 90° plies, followed by delamination at 
the 0°/90o interfaces.
Indeed it has been pointed out by workers such as Hogg et al (1993) that the NCF 
materials do behave in a similar manner to laminates based on continuously aligned 
fibres, such as cross-ply laminates, particularly with regard to matrix crack accumulation. 
As a consequence of this similarity, section II of this literature review discusses in detail 
the behaviour of continuously aligned laminates, specifically with respect to the damage 
phenomenon of transverse ply matrix cracking and this review on matrix cracking will 
link to the behaviour ofNCF laminates, where possible.
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II: TRANSVERSE PLY MATRIX CRACKING IN CROSS-PLY
LAMINATES
2.6 INTRODUCTION
In the past three decades, there has been an enormous quantity of published research on a 
wide range of topics related to continuous fibre composites. Within this study, of 
particular relevance to this work is the extensive literature that is concerned with multiple 
matrix cracking in cross-ply laminates. Of particular interest is the consideration of crack 
initiation, propagation and final crack density along with the effects on laminate 
properties (such as stiffness) for laminates loaded in simple tension where 90° fracture is 
a mode I phenomenon. Various attempts have been made to model the damage 
accumulation behaviour, to varying degrees of sophistication, by the use of strength or 
fracture mechanics approaches.
To date, however, there is virtually no relevant literature relating to the damage 
accumulation behaviour of non-crimp fabric based composites. Of the current literature 
on NCF composites, research is based mostly upon their mechanical and damage 
tolerance behaviour, and comparisons are made with equivalent, continuous fibre 
unidirectional pre-preg tape (UDPT) or woven fabric laminates. Workers, such as Hogg 
et al (1993), have observed that non-crimp fabrics (NCF) tend to have a good degree of 
fibre alignment without the gross crimp associated with woven fabrics, and that the 
stitching used to create the non-crimp fabric does not significantly reduce the 
performance of these materials, compared with their UDPT counterparts. This suggests a 
similarity of behaviour between non-crimp fabric and unidirectional fibre reinforced 
laminates. Indeed Wang et al (1994) have noted that the damage sequence in a biaxial 
non-crimp fabric laminate is comparable to that observed by workers such as Bailey and 
co-workers (e.g. Garrett and Bailey, 1977a,b; Parvizi and Bailey, 1978; Parvizi et al, 
1978; Bailey et al, 1979, 1980; Bailey and Parvizi, 1981) in cross-ply laminates. The 
major differences of NCF with UDPT laminates is the presence of the stitching holding
21
Chapter 2 -  Literature Review
the fibres together in a fabric form and their distinct and complex morphological 
microstructure, which may modify the damage response in detail.
So, although there is virtually no literature specifically concerned with matrix cracking 
damage accumulation in NCF laminates, NCF laminate behaviour has been found in 
general terms to be similar to an equivalent simple (0790°) cross-ply laminate, for which 
the literature is bountiful. Thus, this review of the literature with regard to matrix 
cracking will be based on a simple biaxial cross-ply laminate.
The aim of this review is to outline the extent of current knowledge on matrix cracking in 
cross-ply laminates under quasi-static tensile loading. The review deals initially with 
experimental observations of matrix crack initiation and propagation, with an explanation 
of how multiple matrix cracking occurs in cross-ply laminates. This is followed by a 
review of theoretical modelling of transverse ply matrix cracking in cross-ply laminates. 
Various methods of stress transfer analysis are described and predictions of cracking are 
subdivided into strength-based and fracture mechanics-based models.
2.7 MATRIX CRACKING IN CROSS-PLY LAMINATES
2.7.1. Introduction
There are four main damage modes that occur within polymer composite laminates. 
These are cracking parallel to the fibres in the transverse ply (e.g. Garrett and Bailey, 
1977a), interlaminar fracture, such as delamination between plies of differing fibre 
orientation (e.g. Wang and Crossman, 1980), cracking parallel to the longitudinal ply 
fibres, called longitudinal splitting (e.g. Bailey et al, 1979) and fibre fracture. The first 
three damage modes are matrix-dominated and are shown schematically in Figure 2.15. 
The most common damage mode in (0/0/0) laminates is matrix cracking parallel to the 0° 
fibres, e.g. 0 = 90°, (e.g. Flaggs, 1985). The presence of these intralaminar cracks and 
their growth under service conditions can lead to problems such as degradation in
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laminate properties, such as stiffness (Highsmith and Reifsnider, 1982), as well as loss of 
structural reliability or the possibility of leakage from pressure vessels so that the vessel 
becomes unfit for service (Hull et al, 1978). As a result, much research has focused I on 
matrix cracking, especially in the simple lay-up of a biaxial (0790°) cross-ply laminate.
In early experimental studies conducted on matrix cracking in cross-ply laminates (e.g. by 
workers such as Garrett and Bailey, 1977a,b; Parvizi and Bailey, 1978; Parvizi et al, 
1978; Bader et al, 1979; Bailey and Parvizi, 1981), it has been shown that these transverse 
ply cracks tend to initiate at the free edge of the ply for ‘thick’ transverse plies (see 
section 2.7.3 for explanations of ‘thick’ and ‘thin’ transverse plies). The crack propagates 
to span first the thickness, then the width of the ply. These individual cracks, normal to 
the loading direction, are constrained localised damage (within the transverse ply 
thickness, bounded by the longitudinal plies, and along its width) representing failure of 
the local matrix or fibre or fibre/matrix interface, or combinations of these. An additional 
stress is created in the 0° plies as a result of the presence of this fully formed crack, since 
additional load is carried by the 0° plies in the plane of the crack by a process of shear (at 
the 0/90 interface). This additional stress is transferred back into the 90° ply away from 
the plane of the crack. The longitudinal stress in the transverse ply is shown 
schematically in Figure 2.16. Further matrix cracks form upon increasing the applied 
stress until the transverse ply stress reaches the strength (a*) of the transverse ply (see 
Figure 2.16). The first transverse ply crack initiates at a strain that was found to be a 
function of both the 90° ply thickness and the laminate stacking sequence, whether a 
0/90/0 or a 90/0/90 lay-up.
In this section, first crack initiation is described. This is followed by a discussion of crack 
propagation and then multiple matrix cracking.
2.7.2. Crack Initiation
Parvizi and Bailey (1978) suggested that the first indications of failure in GFRP are the 
initiation of debonds at or near the fibre/resin interface. Microscopy confirmed the
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presence of these debonds at low strain levels below that at which a ‘knee’ is observed on 
the load/extension curve (Bader et al, 1979; Bailey and Parvizi, 1981). Associated with 
these debonds is a visual whitening effect (termed stress whitening) which was also 
investigated by Bailey and Parvizi (1981). They suggested that this whitening effect was 
due to the scatter of light by the gaps, which are generated between the fibres and resin 
when the fibres debond.
The next stage in crack initiation, upon further increase in strain, is the coalescence of a 
number of these fibre/matrix debonds to form microcracks, through the thickness of the 
transverse ply. At increasing loads, the gaps between the fibre and resin open up 
considerably with more fibres debonding from the resin. The micro-cracks act as nuclei 
for transverse cracks, and precede matrix cracking. The formation of the first transverse 
ply matrix crack (first ply failure) shows an accompanying “knee” in the stress-strain 
curve.
Garrett and Bailey (1977b) observed that matrix cracking within the transverse ply occurs 
at strains much lower than that of the resin failure strain. When studying crack initiation, 
they considered the analysis of strain magnification proposed by Kies (1962), who 
suggested that the low strain associated with this “first ply failure” is a consequence of the 
strain magnification between closely spaced transverse fibres due to the moduli mis­
match between the resin and glass fibres. The strain magnification factor (SMF) for a 
square array of fibres in resin (see Figure 2.17) is given by:
M l / [A +  2 fEmlV r J/ 1 <  V
where A is the interfibre spacing, r is the fibre radius and Em and Ef are the Young’s 
moduli of matrix and fibre respectively. From this, it can be seen that as the spacing 
between fibres, A, decreases so the strain magnification in the resin increases. For GFRP, 
in areas where the fibres are virtually touching, the strain magnification in the matrix 
approaches twenty times that of the average transverse ply strain. The inter-fibre spacing 
is important in determining the strain magnification factor between the fibres, and so it
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can be seen that the random nature of the inter-fibre spacing and fibre bunching will 
therefore lead to a range of transverse ply crack initiation stresses. The first cracks that 
form have been observed to occur between fibres that are touching or nearly touching. 
Another place where cracks can occur more readily is in those areas between bunches of 
fibres that are concentrated in regions of lower than average fibre volume fractions (such 
as fibre-rich areas in resin-rich regions). The implication here is that the strain 
magnification factor is more intense when the material around the fibre-rich areas is of a 
lower stiffness.
Another place for cracks to initiate is from flaws within the material, such as pre-existing 
voids or small cracks associated with the processing. These flaws can act as nuclei for the 
transverse ply cracks, in the same way as micro-cracks are formed from fibre debonds.
2.7.3. Crack Propagation
There are two ways in which transverse cracks may propagate from the crack nuclei: 
either by stable crack propagation, in a stable manner upon increasing applied load 
(although load increases do not have to be great in order to grow a stable crack); or by 
unstable crack propagation, whereby after having reached a critical size of around 3-4 
fibre diameters (Bader et al, 1979), they propagate instantaneously.
Investigations have been carried out into the various factors that affect the propagation of 
transverse cracks. Bailey and co-workers, such as Parvizi et al (1978), carried out 
experimental investigations on cross-ply GFRP laminates with a constant outer 0° ply 
thickness (0.5 mm) and a variation of inner 90° ply thicknesses. They found that the 
value of the first failure strain (i.e. initiation of the first crack) was found to be dependent 
on transverse ply thickness for ‘thin’ transverse plies and becoming independent (i.e. 
constant) for ‘thick’ transverse plies, beyond a transverse ply thickness of about 0.4 mm, 
for a constant longitudinal ply thickness (see Figure 2.18). As a result, ‘thin’ transverse 
ply laminates show a ‘cracking constraint’, as a higher strain needs to be applied to the 
composite to initiate failure. For large ply thicknesses, the failure strain approaches that
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of the transverse failure strain for an unconstrained transverse ply. Note also, that for 
thick transverse ply laminates, 0°/90o interfacial delaminations tend to occur on either 
side of the transverse ply, which is not apparent in thinner (i.e. less than 0.4 mm) 
transverse ply laminates. Also, the nature of the matrix cracking phenomenon changes as 
a result of the transverse ply thickness. Cracks spanning the whole of the inner transverse 
ply were shown to form instantaneously in the thick ply laminates, but for thin ply 
thicknesses (i.e. less than 0.4 mm), the cracking phenomenon altered. Edge cracks were 
observed to occur, followed by multiplication and slow growth of these cracks of variable 
crack extent across the width of specimen, with the eventual full width/thickness span of 
the transverse ply for some of these cracks. So, there is a transition between slow crack 
growth and instantaneous crack growth, found to be at around 0.25 mm ply thickness for 
the laminates tested in this work.
Parvizi et al (1978) argued that at large transverse ply thicknesses, cracking is 
“mechanism” controlled. Furthermore, the transverse ply matrix cracking was virtually 
surpressed prior to final composite failure for a thin laminate with transverse ply 
thickness of 0.14 mm. This trend of decreasing first failure strain upon increasing 
transverse ply thickness (to a limiting value of strain at a certain ply thickness), has also 
been observed by workers such as Bader et al, 1979; Bailey et al, 1979. It has also been 
seen in CFRP by Flaggs and Kural, 1982 and Crossman and Wang, 1982.
As the matrix and interface are much weaker than the fibre, the cracks always propagate 
through the matrix or at the interface (or a combination of the two) and parallel to the 
fibres (Han et al, 1988), and the energy release rate associated with such constrained crack 
growth has been shown to be independent of crack length, that is, along the width of 
specimen, and thus stable (Hahn and Johannesson, 1983; Ogin and Smith, 1985).
The cracking behaviour of thin and thick 90° plies is important when considering 
different possible laminate stacking sequences. Bailey et al (1979) suggested it is 
preferable to intersperse 90° and 0° plies rather than having discrete groups of 90° and 0° 
plies, as cracking will be more constrained in the thinner dispersed transverse plies. Local 
stresses associated with the free edge tend to initiate the cracks at the edge of the
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specimens. However, Ogin et al (1984), for example, observed that crack initiation could 
occur away from the edges of the transverse ply under fatigue loading.
2.7.4. Multiple Matrix Cracking
The process by which load is redistributed as a result of matrix cracking (see Section 
2.7.1) leads to the formation of multiple cracking, until a saturation crack spacing is 
achieved. This saturation crack spacing was thought to occur (e.g. Bailey et al, 1979) 
because the weak sites have been used up and the probability of cracking is depressed 
close to existing cracks, as the stress is low in the vicinity of the crack (and zero in the 
plane of the crack). In the 90° ply the load builds up away from the crack by shear load 
transfer from the 0° plies. Between closely spaced cracks, the stress is low, such that not 
enough stress can be transferred back into the 90° ply between the two cracks in order for 
there to be a high enough stress for another crack to form. As the applied load increases, 
so does the level of stress. At higher applied loads, the shear transfer is limited
by shear yielding of the 0°/90° interface, affecting the stress that can be transferred back 
into the 90° ply, thus limiting the crack density. The elastic shear-lag model is in contrast 
to this, as it predicts that as the applied stress increases, the density of cracks will 
increase. This rate of increase would drop as the density increases, but the stress would 
always be able to increase sufficiently to cause another crack (up to final laminate 
failure), i.e. a saturation crack spacing would not exist.
The crack multiplication process and final spacing between cracks was found to be 
dependent upon the transverse ply thickness and applied stress for glass/polyester 
laminates (Garrett and Bailey, 1977a); for instance, the higher the applied stress and the 
smaller the transverse ply thickness, the smaller is the average crack spacing. Garrett and 
Bailey (1977a) noted that the spacing between cracks was relatively uniform, and 
proposed a model in which any new crack occurs midway between two existing cracks 
(this was later modified by Manders et al, 1983).
The distribution of crack spacing developed under tensile loading was studied by Manders
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et al (1983) who put forward the idea that there is an effectively ‘unstressed’ region on 
either side of each transverse crack, of length equating approximately to the transverse ply 
thickness. This accounts for the dependence of the crack spacing on the ply thickness as 
the larger the ply thickness, the larger the unstressed region. Furthermore, Manders et al
(1983) observed that the distributions of crack spacing were not consistent with the 
assumption of a uniform strength value for the 90° ply, assumed in previous papers (e.g. 
Garrett and Bailey, 1977), as new cracks did not form midway between two other cracks 
on a regular basis. This variability of the 90° ply strength is a consequence of the random 
fibre packing, giving rise to a variation in the strain magnification factor throughout the 
lamina. Based on this, the authors developed a statistical model incorporating a Weibull 
distribution of strength to describe the cracking behaviour. It assumes that the cracks 
occur at the weakest cross-sections of the ply with some mean frequency or density along 
the coupon length, dependent on the applied strain. The work of Manders et al is 
discussed further in the next section.
The work of Garrett and Bailey (1977a) and Parvizi et al (1978) ignore the effect on 
damage behaviour of thermal stresses and Poisson effects. Bailey et al (1979), however, 
did account for the thermal stresses developed in the laminate upon cure. On cooling 
from the curing temperature, contraction of the transverse ply is constrained by the outer 
longitudinal plies which has a lower coefficient of thermal expansion. Thus, the inner ply 
is put into tension and the outer plies put into slight compression. This effect is small 
with glass fibre/resin laminates, but much more significant in carbon fibre/resin 
laminates. Also, Bailey et al (1979) took into account Poisson effects, which were found 
to be significantly large in GFRP to cause longitudinal splitting, due to the higher failure 
strain in these laminates, compared with CFRP. The inner longitudinal plies are put into 
transverse tension, as the Poisson contraction is restrained by the outer transverse ply, by 
increase in applied strain.
The study of cross-ply laminates under fatigue loading has also been researched by many 
authors (e.g. Ogin et al, 1984), but is not discussed in detail here. It has been found that 
laminate damage for tensile fatigue loading is similar to that observed in static tensile 
loading, with an associated degradation in properties. Transverse cracking increases with
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number of cycles under fatigue loading in a similar manner to static loading, leading to 
saturation cracking at long fatigue life or at high stress (Boniface, 1989).
2.8 THEORETICAL MODELLING OF TRANSVERSE PLY CRACKING IN 
CROSS-PLY LAMINATES
2.8.1 Introduction
There have been many theories developed concentrating on predicting first ply failure, 
multiplication of transverse matrix cracks and the effect of cracking on thermoelastic 
properties. There are two main types of theoretical predictions; strength-based and 
fracture mechanics-based models. Strength-based models assume that the controlling 
parameter is the strength distribution of the transverse ply and progressive cracking is 
governed by the stress distribution within the transverse ply. This type of approach has 
been used by many workers, for example; Hahn and Tsai (1974); Garrett and Bailey 
(1977a); Parvizi and Bailey (1978); Manders et al (1983); Peters (1984, 1986); Fukunaga 
et al (1984). Fracture mechanics-based models consider the energy changes between 
uncracked and cracked states. Examples of this type of approach are Parvizi et al (1978); 
Wang and Crossman (1980); Hahn and Johannesson (1983); Flaggs (1985); Caslini et al 
(1987); Boniface et al (1991a) and Maddocks and McManus (1995). Fracture mechanics 
based models that incorporate a statistical element (i.e. to account for the effects of 
distribution of lamina toughness) are appropriate for ‘thin’ ply behaviour, whilst a 
statistically based strength approach is more appropriate for ‘thick’ ply behaviour (Leaity 
et al, 1992). However, prior to the application of either of these approaches, a stress 
analysis needs to be carried out, resulting in a stress transfer model (e.g. shear-lag theory). 
Such a model needs to account for the redistribution of stress in the vicinity of a 
transverse ply crack. The following section discusses such stress transfer models. 
Predictions of property degradations can be obtained using the results of stress transfer 
analysis, discussed in Section 2.8.3. Sections 2.8.4 and 2.8.5 reviews strength based and 
fracture-mechanics based models, respectively.
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2.8.2. Stress Transfer Analysis
The shear-lag theory (Cox, 1952) is the most widely used form of stress transfer analysis, 
and was first modified by Garrett and Bailey (1977a). An idealised 0790° cross-ply 
laminate where the 90° ply is bound by the 0° plies is shown in Figure 2.16. Across the 
plane of a transverse ply crack, the transverse of stress is zero as no load can be 
transmitted across the crack surfaces and the load is thus shed completely into the 
adjacent longitudinal plies (where stress in these plies is at a maximum). The shear-lag 
analysis determines how this load is redistributed back into the 90° ply by shear (at the 
0790° interface) as a function of distance from the crack. The rate at which the load is 
transferred back into the 90° ply affects the position where the transverse ply strength is 
next exceeded and so determines the location of the next crack. Garrett and Bailey 
(1977b), for instance, suggested that based on a uniform 90° ply strength, a new crack 
would occur midway between two existing cracks. This is in contrast to work by 
Manders et al (1983) who noted that the 90° ply strength was variable, and used a 
statistical approach to describe the cracking behaviour.
The shear-lag theory gives a mathematical description of the stresses in the 0° and 90° 
plies as a consequence of a crack. However, the shear-lag theory is not a rigorous 
solution to the stress transfer problem as it does not obey all the equilibrium and 
compatibility conditions and crack tip singularities are ignored. Workers such as Garrett 
and Bailey (1977b), Parvizi and Bailey (1978) and Caslini et al (1987), assume that the 
load is transferred back into the transverse ply by shear across the 90° ply (90° shear 
model). Other models, such as those of Highsmith and Reifsnider (1982), Fukunaga et al
(1984), Peters and Chou (1987), Peters and Anderson (1989) and Lim and Hong (1989) 
assume that the load is transferred back into the 90° ply by shear of a thin resin-rich 
region between the 0° and 90° plies (resin-layer shear model). The shear-lag model of 
Lee and Daniel (1990) and Daniel and Tsai (1985) is perhaps the most physically 
reasonable since, in addition to shear across the 90° ply, it also incorporates shear in the 
0° ply, where the variation of shear across the thickness of the 0° ply is parabolic (0790° 
shear model).
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In the models where the load is transferred by shear of the 90° ply, the authors have made 
varying assumptions. For instance, Garrett and Bailey (1977) assumed a linear 
displacement profile to give uniform shear across the transverse ply (linear shear-lag). 
However, workers such as Ogin et al (1984) and Boniface and Ogin (1989) used a 
parabolic shear-lag analysis (Steif, 1984), whereby the variation of the longitudinal 
displacement across the thickness of the transverse ply is taken to be parabolic. Figure 
2.19 shows a schematic of a linear and parabolic distribution of the longitudinal 
displacements of the transverse ply. Of the two variations, the parabolic shear-lag model 
appears to be more reasonable physically. Varna et al (1997) studied the crack opening 
displacement (COD) profiles of transverse cracks at 0.5 % mechanical strain in a range of 
GFRP cross-ply laminates. Their experimental data suggest that the variation of 
longitudinal displacement across the thickness of the transverse ply is indeed parabolic 
rather than linear.
To illustrate the shear-lag approach, we use a model that assumes that the load is 
transferred back into the 90° ply from the 0° plies by shear of the 90° ply i.e. 
Boniface et al (1991a), originating from Steif (1984). The longitudinal displacement 
profile across the transverse ply is assumed to be parabolic and the longitudinal 
displacement across the longitudinal ply is assumed constant. Using an xy coordinate 
system with its origin at the centre of the transverse ply midway between two cracks 
spaced 2s apart (see Figure 2.20), the longitudinal stresses in the longitudinal and 
transverse plies are given by <Ji and G2 respectively, where:
G i - [ l  + l l G f M + g t "d " cosh1 M ]b _ < E 0 y _ b _ cosh ( Xs ) Eqn 2.2
G 2 = G + G T
"d " j cosh (X y )
< E 0 y _ b _ cosh (Xs)_
Eqn 2.3
where: bE j + dE 
b + d
Eqn 2.4
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The variation of shear stress in the transverse ply is given by
X x  sinh ( l y  )T = ' e 2 + g  T z x Eqn 2.5
cosh (X s )
The shear stress in the longitudinal plies is assumed to be zero. El and E2 are the moduli 
of the longitudinal ply and the transverse ply, respectively and E0 is the undamaged 
laminate modulus. The transverse and longitudinal ply thicknesses are 2d and b, 
respectively, with s representing half the crack spacing. The applied laminate stress is 
g  and the thermal stress in the transverse ply is g t  (which arises from the mismatch in 
coefficients of thermal expansion of the plies during cooling). The quantity X is given by:
X2 = a G  23 (b + d ) E 0 E q n 2.6
d bE 2E , h
E,where: G„ = —?------- r Eqn 2.7
2(l + v 23)
where G23 is the shear modulus of the transverse ply in the longitudinal direction 
(i.e. out-of-plane) and a  = 3 (i.e. parabolic variation of the longitudinal displacements in 
the transverse ply). However, if it is assumed that the longitudinal displacements in the 
transverse ply is linear, as in the model of Garrett and Bailey (1977a), then a  = 1 instead 
of 3.
As mentioned above, a further development of the above model is that of Lee and Daniel 
(1990), which also includes shear in the 0° ply, where there is a parabolic variation of 
shear across the thickness of the 0° ply. The value of the shear-lag constant X becomes in 
this model
X 2 = 30  1 3 Q 23 .(b, j_ d )E 0 2.8
(bdE . E j X b O  „  + d G  „ )
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where G13 is the in-plane shear modulus parallel to the fibres and G13 = G12. Note that if 
Gi3 >> G23, then Equation 2.8 will reduce to Equation 2.6, when a  = 3.
In some shear-lag analyses, a parameter is incorporated that cannot be determined 
experimentally and this is used as an additional parameter to fit theory to experimental 
data. The resin-layer shear models often use this approach, as does the work of Laws and 
Dvorak (1988).
Shear-lag analysis is commonly used, but there are alternative approaches to analysing the 
stress distribution in cross-ply laminates. Variational analyses have been used by Hashin 
(1985, 1987), Naim (1989) and Vama and Berglund (1992). Workers such as Dvorak et 
al (1985), Dvorak and Laws (1987), and particularly McCartney et al (1995), have used 
more general elasticity analyses. Investigations of stress distributions by numerical 
analyses based on finite difference were carried out by Pipes and Pagano (1970), Altus, 
Rotem and Shmueli (1980), among others. Finite element analysis has also been used e.g. 
Wang and Crossman (1977), Kim and Hong (1992), Guild et al (1993) and Li and 
Wisnom (1996). Interestingly, some finite element analyses show that the parabolic 
shear-lag model gives reasonably accurate predictions of some parameters e.g. modulus 
reduction and compliance changes associated with crack growth (see later) i.e. Guild et al, 
1993.
2.8.3. Property Degradation
Stress-transfer models have been used by many workers to study the degradation in 
laminate properties, particularly stiffness, as a result of the presence of transverse ply 
cracking in continuous fibre composites. Workers such as Ogin et al (1984) and Boniface 
and Ogin (1989), for instance, compared the shear-lag analysis prediction of modulus 
reduction with crack accumulation with experimental results. The normalised 
longitudinal modulus (E/E0) as a function of average crack spacing 2s for a (0/90)s 
laminate is given according to the shear-lag analysis by
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_E
En
1 + X" b + d Ej tanh(Xs )kJL b EoJ Is
Eqn 2.9.
where X is given in equation 2.5 for the 90° shear model (Steif, 1984) and equation 2.8 for 
the 0790° shear model (Lee and Daniel, 1992) where the symbols have been defined 
earlier.
A number of other approaches to investigate property degradation include the work of 
Highsmith and Reifsnider (1982), Talreja (e.g. 1985), Dvorak et al (1985), Hashin (1985), 
Nuismer and Tan (1988) and Han and Hahn (1989), Naim (1989), Vama and Berglund 
(1992) and McCartney (1992).
Highsmith and Reifsnider (1982) used a resin-layer shear-lag analysis to predict the 
longitudinal modulus as a function of transverse ply crack density in GFRP cross-ply 
laminates. The well known data of Highsmith and Reifsnider are shown in Figure 2.21, 
whereby it can be seen that upon increasing applied stress, the crack density of the 
laminate increases and the laminate stiffness decreases (note that this data does not show 
comparison of E/E0 theory and experiment).
Talreja (1985, 1986) used a ‘continuum damage’ characterisation that assumes linear 
stiffness-damage relationships to predict stiffness reduction as a result of transverse 
cracking from initiation to saturation. He assumed a vector field description of damage, 
which results in a mathematical description of stiffness reduction involving an unknown 
set of ply damage constants, which must be determined experimentally. All elastic 
constants were, not surprisingly, found to reduce upon cracking and predictions on the 
changes of longitudinal Young’s moduli agreed well with experimental data for CFRP 
and GFRP laminates. However, there is a degree of fitting of empirical constants to 
experimental data.
A so-called ‘self consistent scheme’ has been used by Dvorak et al (1985), for a CFRP 
composite laminate subjected to mechanical loads and thermal changes in order to
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calculate compliance change with crack density. They assumed that the elastic moduli of 
a cracked laminate can be given by a similarly cracked infinite medium (with the same 
fibre volume fraction and crack density). The overall elastic moduli of the infinite 
medium were estimated by a self-consistent method by treating a cracked composite as 
two-phases in which the uncracked composite is the matrix and the cracks act as a second 
‘phase’. The work of Dvorak et al show predicted compliance changes for different crack 
densities.
A ‘variational’ approach has been used by Hashin (1985), to develop expressions for the 
stresses and hence determine the degradation of stiffness in cracked cross-ply laminates. 
This model assumes that the shear stresses at the specimen surface and centre are zero, 
and that the transverse stress is zero at the sample surface but continuous across the ply 
interface. The entire stress state can be expressed in terms of an undetermined function 
(|)(x). The principle of minimum complementary energy was used to obtain a value for 
(|)(x) that will minimise the complementary energy to give an approximate stress 
distribution at the transverse crack. Theoretical results were compared to experimental 
data for glass/epoxy laminates of Highsmith and Reifsnider (1982). A lower bound 
Young’s modulus was predicted for the cracked laminate with reasonable agreement 
between theory and experimental A more generalised form of the model was also used by 
Hashin (1987) to predict stiffness reduction in orthogonally cracked laminates, but the 
theory was not compared to experimental data. Naim (e.g. 1989) developed this approach 
further to predict the onset of matrix cracking.
Nuismer and Tan (1988) used an ‘approximate elasticity solution’ for the stress-strain 
relationship of a cracked composite lamina to calculate compliance data. They presented 
these relations in the form of 2-D compliances appropriate for use with laminated plate 
theory (LPT), including thermal effects. The relations were used in predictions of 
laminate stiffness as a function of transverse crack density in (±6m/90n)s laminates, 
comparing favourably with results obtained from finite element analysis. However, 
contrary to the assumptions made by Dvorak et al (1985), it was found that the cracked 
lamina compliance depends upon the overall construction of the laminate, as the cracked 
lamina is strongly influenced by neighbouring plies. Further studies on stiffness
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degradation carried out by Tan and Nuismer (1989) produced closed form solutions for 
laminate stiffness and Poisson’s ratio as a function of crack density or load level. 
Comparison of theoretical results for stiffness reduction in cross-ply GFRP laminates was 
made with the experimental data and shear-lag predictions of Highsmith and Reifsnider
(1982). The Nuismer and Tan predictions agreed more closely with the experimental data 
than the shear-lag theory.
A ‘resistance curve’ (R-curve) method was proposed by Han and Hahn (1989), following 
on from the work of Han et al (1988), to characterise the resistance to transverse crack 
accumulation in balanced symmetric laminates. They used a model that was based upon a 
through-thickness inherent flaw (in the transverse ply) and energy balance principle (with 
a parabolic crack opening), to investigate the degradation in mechanical properties due to 
transverse cracking. The predictions of their analysis found that the longitudinal 
modulus, shear modulus and Poisson’s ratio decreased with increased matrix cracking in 
good agreement with experimental data. The model underestimated the decrease in shear 
modulus, and they suggested that this discrepancy was probably due to the non-linear 
behaviour of the shear modulus.
Naim (1989) used a variational stress analysis approach to determine the 2-D 
thermoelastic stress state and to calculate the strain energy release rate. Naim noted that 
the shear stresses at the interface between two cracks was unrealistic physically in the 
shear-lag analyses. In Naim’s model, the shear stresses are zero at the crack tip interface 
but upon moving slightly away from the crack tip interface, the shear stress rapidly rises 
to a maximum and then decreases in a similar fashion to the shear-lag model, eventually 
becoming zero at the mid-point between the two existing cracks.
Vama and Berglund (1992) developed an alternative differential solution to matrix 
cracking using the same variational approach as that of Naim (1989), but including a 
more physically realistic non-linear stress distribution in the laminate thickness for the 
longitudinal plies (unlike the assumption of Naim, that stress is uniform across the 0° 
ply). The stresses in the longitudinal ply are at a maximum value at the interface between 
the crack tip 0790° interface, but upon moving away from this interface into the
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longitudinal ply, the stress decreases to a minimum value. Vama and Berglund compare 
their predictions with that based on a shear-lag model (Laws and Dvorak, 1988), as well 
as the model of Hashin (1985). These three models were then compared to experimental 
data for carbon fibre/epoxy (02/90n)s laminates (after Flaggs and Kural, 1982) and data for 
glass fibre/epoxy (0m/90n)s laminates (after Bader et al, 1979). They found that their 
prediction for the cracking strains as a function of transverse ply thickness was 
underestimated (as well as for that of Hashin), but was overestimated by the shear lag 
model of Laws and Dvorak.
A 2-D generalised plane strain model was developed by McCartney (1992) to predict 
stress transfer between 0° and 90° plies in a cross-ply laminate containing transverse 
cracks. By solving the forth order differential equations numerically the model can be 
used to predict stress and displacement distributions. The values of Young’s modulus, 
Poisson’s ratio and thermal expansion can be predicted as a function of crack density for 
cross-ply laminates with an array of equally spaced cracks. This analysis predicts more 
accurately the experimentally measured reduction in Young’s modulus than the Hashin
(1985) model, using the experimental results of Smith and Wood (1990).
The analyses of workers, such as Hashin (1985), Naim (1989), Vama and Burglund 
(1992) and McCartney (1992) are more sophisticated and rigorous than the shear-lag 
based analyses. However, it must be noted here that the shear-lag model has proved to be 
a very successful model for predicting property degradation analytically. The simplicity 
of this model makes it a useful starting point for understanding property degradation as a 
result of transverse ply matrix cracking.
2.8.4 Strength-based Models
Strength based models for progressive cracking follows directly from stress transfer 
analysis. Bailey and co-workers (Garrett and Bailey, 1977a; Parvizi and Bailey, 1978; 
Bader et al, 1979; Bailey et al, 1979) developed a strength based model based on a shear- 
lag analysis for cross-ply laminates. A unique ply strength was assumed in these early
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models, and when the stress in the 90° ply had reached this unique ply strength, a matrix 
crack would initiate in the transverse ply. A second crack would then only form once the 
ply strength had been exceeded. These models assumed that upon increase in load, a 
crack would occur midway between two existing cracks as the stress is highest at this 
point. The model was used to predict crack spacing in laminates as a function of stress. 
Upper and lower predictions (based on assumptions about the site of the initial cracks) 
gave the bounds for the crack spacing, with reasonable agreement between the model and 
experimental data for glass/epoxy laminates, e.g. Parvizi and Bailey (1978). Residual 
thermal stresses need to be taken into account for CFRP laminates (Bader et al, 1979; 
Bailey et al, 1979) as they are much more significant in CFRP laminates than in GFRP 
laminates and it was found that the model agreed reasonably well with experimental data. 
However, the assumption of a unique ply strength is not likely to be valid, due to 
processing defects such as microcracks or voids which can act as sites for premature 
failure of the 90° ply. Further, as discussed earlier there is an inherent variation in fibre 
packing with an associated variation in the strain magnification factor, which could lead 
to premature cracking.
Workers such as Manders et al (1983) have shown experimentally, by measuring the 
distributions of crack spacing developed in the 90° ply of cross-ply GFRP laminates, that 
there is indeed a variation in strength within the transverse ply, so a statistical variation in 
the transverse ply needs to be considered (as mentioned in Section 2.7.4). Manders et al
(1983) used a shear-lag solution for the stress between cracks combined with a statistical 
description of the non-uniformity of strength in the transverse ply. The model gave good 
predictions of the crack density in the transverse ply as a function of applied strain, 
although this model works better for large crack spacings as the stress between cracks is 
relatively uniform, whereby the weakest points in the ply would determine where the next 
crack forms. This could account for why the proposed model of Bailey and co-workers is 
less accurate for widely spaced cracks. It was suggested by Manders et al (1983) that the 
probabilistic model is more appropriate when the crack spacing is significantly larger than 
the unstressed length, whilst the model of Bailey and co-workers is more appropriate 
when the crack spacing is of similar magnitude to this unstressed length. Also, due to the 
statistical variation of ply strength, it is expected that there would be a size effect in which
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the strain for first ply failure would decrease as the length of the sample as well as the 
thickness of the ply increases.
Fukunaga et al (1984) used a similar statistical strength analysis to examine the 
multiplication of transverse cracking in CFRP laminates. The stress distribution was 
determined using a shear-lag analysis and the ply strength variability was accounted for 
using a two-parameter Weibull distribution. Effects due to thermal residual stresses and 
Poisson’s strains were also taken into consideration. In this approach, a new crack is 
assumed to occur midway between two existing cracks with a 50 % failure probability, 
with the Weibull shape parameter assumed to be constant, although it was thought to vary 
possibly with specimen size and/or ply thickness. There was reasonable agreement 
between predictions and experimental data.
A similar two-parameter Weibull distribution was used by Peters (1984, 1986) to describe 
the strength of the 90° ply in CFRP, whereby it was shown that as the 90° ply thickness 
decreases, the shape parameter increases. He suggested that this was associated with an 
effect whereby for small 90° ply thickness, the growth of defects lying close to the 0/90 
interface is suppressed due to the constraint of the stiff 0° plies, but for larger 90° ply 
thicknesses the effect of the interface is reduced. This suggests that as the shape 
parameter changes for decreasing ply thickness, it may not be possible to describe the 
thickness effect by the Weibull shape parameter.
2.8.5 Fracture Mechanics-based Models
2.8.5.I. Introduction
In cases where crack initiation is the controlling mechanism, as in laminates with ‘thick’ 
transverse plies, the strength-based approach is best. However, for ‘thin’ transverse ply 
laminates, the controlling mechanism of first ply cracking is the propagation of a 
micro-crack, which spans the transverse ply thickness and grows across the width of the
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laminates. In this case, a fracture-mechanics approach is ideal as these models assume 
implicitly that there is a pre-existing flaw spanning the transverse thickness, which can 
then propagate across the width of the ply. This pre-existing flaw has been modelled in 
various ways. Caslini et al (1987), Han et al (1988), Vama and Berglund (1992) all 
assume that the flaw spans the thickness of the transverse ply. As this may hold true for 
‘thin’ transverse plies but not for ‘thick’ transverse plies, some workers have used the 
idea of a flaw which partially spans the thickness and width, in an attempt to explain the 
thin/thick ply differences, such as Ogin and Smith (1985), Dvorak and Laws (1987). 
Further, other models have been developed which use a flaw that spans the full width of 
the transverse ply and growing across the thickness, such as that used by Wang and 
Crossman (1980), Wang et al (1984), although this is not realistic physically.
2.8.S.2. Energy based Models
Using the fracture mechanics approach, it was postulated by Bader et al (1979) that a new 
transverse crack will form when it is both mechanistically possible and energetically 
favourable. It was argued that if there is a stress singularity at the crack tip, then the 
mechanistic possibility of crack propagation is guaranteed, and this was based on 
experimental observations of microcracks caused by fibre matrix debonds. A stress 
singularity is provided by the debonds, which in turn can become nucléation sites for 
microcracks. An energetics approach is used by many workers, who calculate the strain 
energy release rate associated with transverse growth e.g. Hahn and Johannesson (1983), 
Caslini et al (1987), Dvorak and Laws (1987), Han et al (1988), Naim (1989). In order 
for a crack to grow, the strain energy release rate, G, must exceed the critical strain energy 
release rate, Gc, otherwise there will be no crack growth. The energetics approach should 
only be used on systems with low to moderate toughness (i.e. relatively brittle) as 
difficulties arise in high toughness systems due to the fact that only a part of the 
experimentally measured fracture energy is responsible for the propagation of the crack. 
The major part of the measured energy is absorbed by other irreversible phenomena such 
as microcracking and plastic deformation (Berglund et al, 1992). There have also been 
models which use an approximate stress intensity factor (K) based approach to develop a
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criterion for crack initiation strains, such as Ogin et al (1985), Ogin and Smith (1985, 
1987). Below is a brief overview of these fracture mechanics based approaches.
Wang and co-workers (e.g. Wang, 1980) considered the mechanism by which a matrix 
crack grew by employing linear elastic fracture mechanics (LEFM) and finite element 
methods to obtain the energy release rate. A statistical simulation model was developed 
by Wang et al (1984) based on fracture mechanics in conjunction with an effective flaw 
distribution as a basic ply property. They looked at the growth of multiple cracks in 
cross-ply GFRP laminates using the strain energy release rate for propagation of a 
distribution of flaws that span the width and grow across the ply thickness. A normal 
distribution of effective flaws is assumed to exist along the length of the transverse ply. 
The ‘worst’ flaw determines first ply failure, and will propagate to form the first 90° crack 
when the available strain energy release rate, G, equals the material critical strain energy 
release rate, Gc. Upon increasing applied loading, the smaller flaws form transverse 
cracks leading to multiple transverse ply matrix cracking. Theoretical results were 
compared to experimental data for crack density as a function of laminate stress and the 
agreement was very good.
Dvorak and Laws (1986, 1987) investigated the influence of the transverse ply thickness 
on cracking mode. They assumed a flaw that partially spanned the thickness and the 
width (see Figure 2.22) and derived the strain energy release rate for crack propagation in 
the two directions i.e. propagation of a flaw parallel to the fibre direction, across the ply 
width, and propagation of a flaw perpendicular to the fibre direction, across the ply 
thickness. It was found that the strength of thin plies was controlled by crack propagation 
parallel to the fibres and for thick plies, by crack propagation perpendicular to the fibres. 
If the ply toughness and initial flaw sizes are known, then the first ply failure stress for 
different ply thicknesses can be predicted. In constrained thin plies, where the ply 
thickness equates to the initial flaw size, the theory predicts a significant increase in 
strength with decreasing ply thickness. However, the strength of thick plies was found to 
be constant (although this may be reduced by pre-existing damage). Dvorak and Laws 
(1987) also studied plies of intermediate thickness. Laminate plate theory was used to 
compare theory with experimental data from Bailey et al (1979) for cross-ply GFRP
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laminates, with good agreement for thin plies but the model overestimated the strength of 
the 90° ply for thick plies.
Caslini et al (1987) developed a fracture mechanics analysis for the strain energy release 
rate associated with 90° ply crack formation, assuming the presence of a 
through-thickness flaw (which is physically realistic). Based on shear-lag theory, a 
closed-form expression for the reduction in stiffness as a function of crack density was 
used to derive an equation for the strain energy release rate for matrix cracking based on a 
uniform array of cracks. These matrix cracks were treated as a single equivalent flaw. 
Assuming zero crack density, the critical strain energy release rate, Gc, can then be 
evaluated for the first ply failure. The experiments yielded crack growth resistance curves 
(R-curves) for transverse ply cracking. Upon increasing crack density, there is a 
corresponding increase in the apparent critical strain energy release rate, that is, a 
progressive laminate resistance to formation of new cracks as the quantity of matrix 
cracks increased. It was argued that this increase in resistance to crack growth results 
from the constraint and load transfer capability of the neighbouring plies to the cracked 
ply. As the crack spacing decreases, there is a reduction in the ability to transfer load into 
the adjacent plies. The application of an R-curve was used as a criterion for interpreting 
multiple crack growth for transverse plies surrounded by longitudinal plies.
Laws and Dvorak (1988) use a shear-lag stress transfer model along with their energy 
balance analysis (Dvorak and Laws, 1987) to obtain an expression for the strain energy 
release rate associated with crack formation. They considered the formation of a 
transverse crack, which spans the width and thickness of the 90° ply, at an arbitrary 
location between two existing cracks. They argued that the location of a crack is 
determined by a probability density function, which is taken to be proportional to the 
stress in the transverse ply. When the critical strain energy release rate for crack growth 
across the ply has been reached, it is assumed that it is energetically favourable for crack 
propagation to occur. Reasonable agreement was found between predictions and 
experiment (from Highsmith and Reifsnider, 1982).
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Han et al (1988) used a method based on the concept of a through-the-thickness flaw 
(proposed by Hahn and Johannesson, 1983) and an energy balance principle, to analyse 
crack initiation and multiplication in symmetric cross-ply laminates. They assumed a 
second-order polynomial for the crack opening displacement, with the perturbed stress 
field due to the presence of the cracks determined from equilibrium conditions. They 
calculated the energy released as a result of ply cracking and used this to predict the 
increase in crack density. A resistance curve was proposed (based on experimental 
correlation of the analytical result), as a measure of the resistance to crack multiplication 
in a similar manner to Caslini et al (1987). Figure 2.23 shows a graph of fracture energy 
as a function of crack density, and it can be seen that the resistance to crack multiplication 
increases with increasing crack density. As the R-curve methods (Han et al, 1988; Caslini 
et al, 1987) account for the load transfer effect, this implies that the R-curve is a statistical 
effect, that is, the weaker regions in the specimens crack first and upon increasing crack 
density, the progressively stronger/tougher sites crack. Good agreement was found 
between predictions and experimental data for CFRP cross-ply laminates for thin 
transverse plies, but as the ply thickness increases the correlation reduces (as expected 
based on the assumption of a through-thickness flaw). For homogeneous materials, the 
resistance curve characterises the increasing resistance to crack growth due to crack tip 
damage, whereas the resistance curve for crack multiplication in composite laminates 
represents the inhomogeneity of fracture energy.
A similar fracture mechanics approach to that of Laws and Dvorak (1988) is used by 
Naim (1989), although Naim uses a variational stress analysis approach to determine the 
2-D thermoelastic stress state and effects of residual thermal stresses to calculate the 
strain energy release rate. The model was used to calculate the compliance change and 
hence the strain energy release rate due to microcracking. The compliance predicted here 
is an upper bound to the true value (with the stiffness being the lower bound; Hashin, 
1985). To predict the microcrack density as a function of j applied stress in (0m/90n)s 
glass/epoxy laminates, the strain energy release rate expression was used along with a 
value for the critical microcracking fracture toughness. There was a good correlation 
between theory and experimental data from Highsmith and Reifsnider (1982) for (0/903)s 
and (903/0)s GFRP laminates.
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Further work by Naim and co-workers (Liu and Naim, 1992; Naim et al, 1993) obtained 
good correlation with experimental data for crack density as a function of applied stress 
for 17 different types of cross-ply laminates, using the same model as that of Naim 
(1989). They demonstrated some of the limitations of less sophisticated stress analyses 
(such as shear-lag models), indicating that the best predictions of microcracking in 
composite laminates come from a two-dimensional stress analysis to calculate a critical 
strain energy release rate criterion. Their model overestimates the stress at which the first 
cracks form, attributing this to the presence of imperfections in the laminate. Initial 
cracking was suggested to be less representative of laminate behaviour than the whole 
curve of crack accumulation with applied stress.
A modified variational analysis was used by Varna and Berglund (1992), based on the 
principle of minimum complementary energy to describe the stress state around a 
through-the-thickness crack in (0m/90n)s cross-ply laminates. The analysis takes into 
account nonlinear stress distribution in the thickness direction of the 0° plies and was 
obtained from variational analyses on the whole ply and also the outer plies separately (to 
allow for high b/d ratio laminates - i.e. thin 90° ply laminates). A failure criterion based 
on linear elastic fracture mechanics (LEFM) was used to predict the onset of matrix 
cracking. Predictions from both this model and that of Hashin (1985) were compared 
with experimental data from Bader et al (1979), of mechanical cracking strains as a 
function of d (half thickness of the 90° ply). For thin ply laminates, the model of Varna 
and Berglund showed better agreement with experimental data than that of Hashin 
(although both models underestimate the cracking strain for thick ply laminates). Note 
that these models are based on the assumption of an existing through-the-thickness flaw, 
which would not likely be valid for large transverse ply thicknesses.
McCartney (1993, 1998) developed criteria for predicting non-uniform progressive 
cracking of the transverse ply in the laminate. He used an energy balance approach to 
transverse cracking combined with the generalised plane strain model of stress transfer. 
Criteria were developed for the effect of biaxial loading on transverse cracking (taking 
into account thermal residual stresses). The theory is also relevant to the development of 
a random distribution of cracks.
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Boniface et al (1991a,) used a fracture mechanics approach resulting in predictions of 
compliance changes and compared the predictions with experimental data, using model 
crack arrays, both symmetric and asymmetric. The former considers a crack growing at 
the mid-point of two existing fully developed cracks, whereas the latter is for a crack 
growing away from the mid-point. Compliance changes measurement can be made for a 
sufficiently large transverse thickness to longitudinal ply thickness ply ratio. Both 
shear-lag based stress models and a Hahn and Tsai (1974) ‘ineffective length’ based 
model were used for comparisons with experiment. Although the latter gave better 
agreement, it is not physically reasonable. Fig 2.24 shows a schematic representation of 
the ineffective length in the transverse ply associated with a model array of cracking. The 
work of Boniface et al (1991b) looked into the compliance associated with the growth of 
a single crack. The model laminates were made with sufficiently thick 90° plies 
(approximately 3.1 mm), so that the compliance change (and hence G) with crack length 
could be measured. Cracks were grown quasi-statically or in fatigue, from a notch 
introduced into the 90° ply (with a scalpel). Shear-lag predictions of compliance changes 
gave a reasonable fit to data. Considering the progressive change in compliance as a 
function of crack length. Figure 2.25 shows a graph of compliance increment as a 
function of normalised crack length (for cracks spaced between 4 and 5 mm apart). There 
is an initial short regime in which the compliance change with crack length is rapid, 
followed by a linear range and then a final short regime in which the compliance change 
with crack length is more rapid again. Predictions show a strong dependence of 
compliance change on the longitudinal spacing between a crack tip and an adjacent crack 
and a roughly linear dependence on crack length (away from specimen edges) for all 
crack spacings, as shown in Figure 2.26. The strain energy release rate therefore strongly 
depends on crack spacing and has a negligible dependence on crack length. The strain 
energy release rate is given by:
G = v dC''v2t. da Eqn 2.9.
where P is the load on the laminate, t is the crack thickness (equal to the transverse ply 
thickness 2d) and dC/da is the rate of change of laminate compliance with crack length.
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This expression was used by Boniface et al for the growth of single cracks. When 
multiple cracks are present, the crack length, a, is related to the crack spacing, 2s, by 
(Poursartip, 1983):
WL
a = Eqn 2.10.
where W is the laminate width and L is the laminate length. The compliance, C, is related 
to the laminate stiffness, E, by
C = Eqn 2.11.
where A is the laminate cross-sectional area.
The initiation and propagation stages of transverse ply matrix cracking in cross-ply CFRP 
laminates under quasi-static tensile loading was studied by Boniface et al (1997), using 
laminates with a variation of transverse ply thickness, and two types of matrix system 
(922 and the tougher 927). Two types of specimens were used, with either polished edges 
or with notches introduced into the transverse ply. Plots of crack propagation strain as a 
function of transverse ply thickness show that crack initiation controls 90° ply cracking 
for ply thicknesses greater than 0.25 mm (for 922 matrix data). However, crack formation 
was found to be propagation controlled for ‘thin’, unnotched samples (of 0.125 mm). So, 
thick (unconstrained) plies are initiation controlled, with instantaneous crack growth once 
cracking has initiated, whereas thin (constrained) plies are propagation controlled, with 
more gradual crack growth. Initiation strains increase with decreasing ply thickness in 
agreement with previous work (e.g. Parvizi et al, 1978).
Tougher systems (such as the 927 matrix system) appear to have a greater threshold 
transverse ply thickness at which the transverse ply can be said to be constrained, making 
these tougher systems more applicable to fracture mechanics approaches for a greater 
range of 90° ply thicknesses. The transition from thin (constrained) to thick 
(unconstrained) behaviour in the two types of systems differ in that the 922 matrix system
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shows unconstrained cracking at 0.25 mm ply thickness and constrained cracking is seen 
in ply thicknesses of 0.25 mm in the tougher 927 system. So, further increases in the 
toughness of the resin within the laminate would effectively increase the thickness by 
which a laminate can be said to be constrained, providing there is no corresponding 
increase in the strain for initiation. This follows on from arguments by previous workers, 
such as Ogin and Smith (1985), Dvorak and Laws (1987).
An alternative fracture mechanics approach by Ogin and Smith (1985, 1987) uses an 
approximate stress intensity factor (K), in order to obtain the first ply failure strain for 
laminates with varying transverse ply thicknesses. An idealisation of a transverse ply 
crack was used to estimate K, as shown in Figure 2.27, with the crack considered to be 
flat and to extend across the thickness of the 90° ply. The load trajectories are shown 
around the crack. Away from the crack tip, load is transferred into the 0° plies by shear at 
the 0/90 interfaces and thus does not build up at the crack tip. However, due to the 
localised stress disturbance at the crack tip, there is a stress intensity. The characteristic 
length of this disturbance is assumed to be about d, for a ply thickness of 2d. As this 
crack is bounded by the 0° plies (and does not extend throughout the laminate thickness);
the stress intensity factor is less than a^Tid ) (as in classic fracture mechanics) and is 
taken to be
K = a t V5d Eqn 2.12
where a t is the stress in the transverse ply acting on the crack tip. It is supposed that this 
stress is a function of the vertical separation between the cracks in the direction of the 
applied loading and decreases as the spacing decreases. When the crack spacing is large,
then equation 2.12 becomes
K =G
y
V2d Eqn 2.13
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where a  is the applied stress, E2 and E0 are the moduli for the transverse ply and the 
undamaged laminate. The stress intensity factor is related to the strain energy release rate 
by:
K = ^/(E2Gc) Eqn 2.14
The first ply failure strain, sf, can be found by rearranging equation 2.13 i.e.
'"1 J
—r =  Eqn 2.15
V2d
for a crack which spans the thickness and the width of the ply. The effects of thermal 
stresses have been ignored, as it is small in GFRP laminates. Predictions using equation 
2.15 were compared with experimental results and predictions of Parvizi et al (1978) for a 
GFRP laminate (Ogin and Smith, 1987), with good agreement for thin plies (2d less than 
0.5 mm). For large ply thicknesses, the first ply failure is constant. Criteria for fast 
fracture in thick and thin laminates were derived, along with a prediction of the transition 
ply thickness. For thick ply laminates, as in Figure 12.22* where 2ad is the length of the 
flaw in the thickness direction and does not equal 2d, then at a critical strain, ecrit, crack
growth occurs by fast fracture when the following condition is satisfied
6 =ritE2A/F™d™r)> K = Eqn 2.16
For thin plies, where the crack length in the thickness direction is 2d, the 90° ply 
thickness is smaller than the critical flaw width, adcnt, for fast fracture and hence the crack 
is stable. Fast fracture will then occur when the laminate strain, s, is increased such that
eE  2V p d)> K c Eqn 2.17
Good agreement was obtained using this approach with experimental observations of 
thick/thin behaviour transitions for GFRP and CFRP laminates.
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2.9. CONCLUDING REMARKS
The available literature on carbon- and glass-fibre non-crimp fabrics and matrix cracking 
in cross-ply laminates has been reviewed in this chapter. From this review, it is clear that 
none of the research into the behaviour of non-crimp fabric based laminates has focused I 
on the degradation of properties as a result of matrix cracking damage, although Hogg et 
al (1993), for example, have found that the behaviour of NCF laminates is similar to that 
of cross-ply laminates.
The aims of the present work are thus to characterise and quantify the accumulation of 
matrix cracking under quasi-static loading in a simple biaxial NCF laminate to study the 
degradation in modulus as a result of this damage and to model this modulus reduction.
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Figure 2.1.
Figure 2.2.
CHAPTER 2 
FIGURES
Example of the conformability of a high drape NCF to conform to 
complex shapes (courtesy of BTI Europe, formally Tech Textiles Int., 
1997)
Example of enhanced flow paths in up to eight directions in a 
multi-axial NCF (courtesy of BTI Europe, formally Tech Textiles Int., 
1997)
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Figure 2.3. Schematic idealisations of the construction of a multi-axial NCF 
(a) after Bibo and Hogg, 1996
(b) showing fibre layers at differing orientations, optional interleaving layers, 
and stitching yarns (after Hogg and Woolstencroft, 1991)
W AflP INLAY YARNS 
Or NONWOVEN •NON W OVEN 
MATERIAL
KNITTING
YARNS
-AS up  10 90°
NONW OVEN
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Figure 2.4. Multi-axial NCF with four layers, (0°, 90°, and ±6°) of insertion yarns 
and with chain stitch or (b) with tricot stitch (after Du and Ko, 1996)
^Angles adjustable'
(b) Tricot stitch
^Angles adjustable'
(a) Chain stitch
Figure 2.5. Unit cell which consists of one each of 0° and 90° yarns, two each of 
±9° yarns as well as a knit stitch: (a) with chain stitch or (b) with tricot 
stitch (after Du and Ko, 1996)
(a) Chain stitch (b) Trlcot stitch
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Figure 2.6.
(a) Preforms produced by the yarn-to-fabric processes (after Ko, 1994)
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(b) Various techniques for manufacturing textile fibre preforms 
(after Ramakrishna, 1997)
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Figure 2.7.
Figure 2.8.
Mayer and Liba multi-axial warp knitting processes 
(after Dexter and Hasko, 1996)
Mayer Liba
Chain knit Chain knit Tricot knit
Fiber impalement
needle clearance
Common stitch types used in secondary stitching of preforms 
(after Morales, 1990)
a) Lock Stitch
3
b) Modified lock stitch
c) Chain stitch
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Figure 2.9. Schematic showing stacked and spread NCF styles 
(after Godbehere et al., 1994)
Stacked NCF.
Spread NCF.
0° Layer.
Misaligned 
0° Tows.
±45° Layers.
0° Layer. 
±45° Layers.
Straight 
0° Tows.
Figure 2.10. Sketch of typical NCF microstructure (after Godbehere et al., 1994)
a. Ideal Structure.
±45'
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±45'
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Figure 2.11. Micrograph of materials (at 20 times magnification) 
(after Backhouse et al., 1995)
b  -  P r e p r e g  c o m p o s i t ea  -  N C F  c o m p o s i t e
Figure 2.12. Tensile modulus as a function of fibre content for multiaxial 
non-crimp fabrics (biaxial and quadriaxial) and conventional woven 
and chopped strand mat (after Hogg, 1993)
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Figure 2.13. Photographs showing face and side views of UDPT and NCF triaxial 
carbon/epoxy laminates (after Bibo et al, 1997):
(a) after failure in tension
UDPT
(b) after failure in compression 
UDPT
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Figure 2.14. Micrographs at 20 times magnification (after Backhouse et al., 1995)
(a) NCF 0° transverse section through fracture path in mode I loading
(b) transverse section through fracture path showing deviation to ±45° layer
FRACTURE PATHS
m si*
+45*
+45*
-45*
+45c
NCF 45° delamination prepreg 45* delamination
(b)
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Figure 2.15. Schematic of a cross-ply laminate showing three matrix-dominated 
failure modes
Longitudinal plies
Transverse ply
Transverse ply 
crack
Longitudinal 
splitting —
Délamination
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Figure 2.16. Schematic showing the distribution of transverse ply stress between 
adjacent transverse ply cracks
t
b 2d b
<  ►
0° 90° 0°
i
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Figure 2.17.
Figure 2.18.
Square array of fibres in resin
Transverse cracking strain as a function of transverse ply thickness 
for cross-ply glass/epoxy laminates (after Parvizi et al, 1978)
O Experimental £»«
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0.0
Tronsvert* ply thick ne ts  2d Imm)
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Figure 2.19. Schematic of stress distributions: (a) linear distribution (a = 1) and (b) 
parabolic distribution (a = 3) of the longitudinal displacements in the 
transverse ply
Applied Load
<4 ► (a) a  = 1
Applied Load
4 -
0
► (b) a  = 3
Figure 2.20. Schematic of lay-up for shear-lag model for cross-ply laminates
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Figure 2.21. Experimental data of stiffness and crack density versus stress level for 
a (O/POs)^  GFRP laminate (after Highsmith and Reifsnider, 1982)
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Figure 2.22. Schematic of a flaw partially spanning the width and thickness of the 
transverse ply.
à i
2d
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Figure 2.23. Resistance curves for crack multiplication obtained for (0/90n/0) 
CFRP laminates (after Han et al, 1988)
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■■
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Figure 2.24. Schematic representation of the ‘ineffective length’ in the 90° ply 
associated with transverse ply cracks in the model array 
(after Boniface et al, 1991a)
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Figure 2.25. Compliance increment with crack length for the growth of crack C in 
specimens with cracks A and B spaced between 4 and 5 mm apart 
(after Boniface et al, 1991b)
2.8  -
D  4.8mm
NORMALISED CRACK LENGTH. o/W
+ 4.3mm O  4.6mm A 5mm
Figure 2.26. Predicted values of compliance increment with crack length for the 
growth of crack C at four different values of the spacing of cracks A 
and B (after Boniface et al, 1991b)
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Figure 2.27. Two views of a three-dimensional model of a growing transverse ply 
crack showing the stress distribution along the crack and near the 
crack tip (at T). The build-up of stress at the crack tip is independent 
of the crack length, (after Ogin et al, 1984)
-  35  -
crack pla
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CHAPTER 3 
Materials and Experimental Methods
3.1. INTRODUCTION
This study examines the fracture behaviour, in the form of transverse ply matrix cracking, 
of biaxial non-crimp cross-ply fabric laminates. A description of the resin system and the 
fibre reinforcement architecture of the biaxial non-crimp fibre used for this investigation 
are presented in this chapter, as well as a detailed description of the techniques used to 
fabricate the test specimens. Details of specimen preparation and test methods are also 
discussed. The methods that were used to observe and record the onset and accumulation 
of damage during testing are indicated and a description of the sample preparation 
techniques for optical microscopy used in order to quantify the damage is also given.
3.2. MATERIAL CHARACTERISTICS
3.2.1. Epoxy Resin System
The matrix was based on a standard epoxy resin system, using an Astor Stag epoxy resin 
with an NMA curing agent and Ancamine K61B accelerator. This resin system was 
chosen due to its refractive index being very close to that of the E-glass fibres used 
(approximately 1.55), which results in a material which is optically transparent. The 
epoxy also wets the glass fibres well. The transparency of the laminates greatly enhances 
observation of any damage occurring within the laminate during mechanical testing.
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The formulation of the resin is as follows: 100 g of Astor Stag epoxy resin, 60 g of Astor 
Stag NMA curing agent and 4 ml of Ancamine K61B accelerator. The preparation of the 
resin during laminate manufacture is given in detail in section 3.3.
3.2.2. Non-Crimp Fabric Glass Reinforcement
The reinforcing fabric used was Cotech ELT566, supplied by BTI Europe (previously 
called Tech Textiles). This is a biaxial [0°/90o] non-crimp, E-glass fibre fabric with 
polyester tricot knit stitching and balanced weights of fibres (283 gm"2) in the warp and 
weft direction. The warp and weft tows consist of 1200 tex and 600 tex glass fibre 
ravings, respectively. The diameter of the glass fibre is 15 microns.
Low and high magnification views of the fabric are shown in Figure 3.1. Figure 3.La 
shows that as a result of the manufacturing process, the fibres in the warp direction are 
slightly wavy, approximating to a misalignment that varies sinusoidally with a maximum 
value of about 10°. The weft fibres, on the other hand, are well aligned. Figure 3.Lb 
shows the stitching loop structure and the resulting separation of the fibre bundles.
3.3. LAMINATE FABRICATION
Two types of laminate were manufactured, each containing two non-crimp fabric blankets 
where the designation ‘NCFA’ refers to the lay-up arrangement (warp/weft)s and the 
designation ‘NCFB’ refers to the lay-up arrangement (weft/warp)s.
Each laminate contained two biaxial fabric blankets laid up symmetrically in the 
configuration [0790°]s. For the NCFA type laminate, the outer longitudinal (0°) plies are 
formed by the wavy, misaligned warp tows, whereas the inner transverse (90°) plies are 
formed by the straight, well-aligned weft tows. Conversely, for the NCFB type, the outer 
longitudinal and inner transverse plies refer instead to the weft and warp tows.
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respectively. Figure 3.2 gives schematic lay-ups for the NCFA and the NCFB type 
laminates. Within the transverse ply, this construction gives rise to well-defined inter-tow 
resin-rich regions for the NCFA type, but much less well-defined inter-tow resin-rich 
regions in the NCFB type due to the wavy nature of the warp tows.
The laminates were manufactured using an in-house wet lay-up process, a similar method 
to that described by Marsden et al (1994, 1995). The two fabric blankets were marked 
along three tows in each orthogonal direction to produce a grid in order to assist with 
alignment during lay-up (see Figure 3.2). It is important to ensure that the warp and weft 
tows in each fabric blanket lie parallel to each other and that the layers are not sheared. 
One face of the blanket is designated by the manufacturers as the warp direction, readily 
identifiable by the fact that the stitching runs parallel to the warp direction. (This warp 
direction corresponds to that shown in Figure 3.1 i.e. the misaligned or wavy tows). 
Minimal handling of the fabric is important. To prevent damage to the fibres only the 
edges of the layers were handled. Additionally, for health and safety reasons, disposable 
gloves were used for handling the fabric.
Two glass plates (approximately 27 cm2) were prepared by spreading silicone grease 
evenly across the surface and were then placed in an oven at about 50°C for around two 
hours. The glass plates were warmed in order to maintain the resin temperature at an 
elevated temperature whilst laminating, as this reduces the viscosity of the resin and so 
improves the impregnation of resin into the glass-fibre fabric. The resin constituents were 
weighed out and then mixed together for approximately five minutes by hand stirring. 
The resin was then placed in a pre-heated vacuum oven at around 50°C for degassing 
prior to laminating. Degassing was performed at an elevated temperature to remove any 
air bubbles from the bulk of the resin, so that any voids within the cured laminate would 
be minimised. The elevated temperature reduces the viscosity of the resin and so 
facilitates this process.
One of the warmed glass plates was placed on the laminating bench with a sheet of 
silicone-coated ‘Melinex’ release film laid down on top. The degassed liquid resin was 
poured onto the middle of this melinex release film and allowed to spread out. Then, the
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first fabric blanket was carefully laid down onto the plate, centre out. In the NCFA and 
NCFB type laminates, this corresponded to the warp-side and the weft-side of the fabric 
facing down onto the glass plate, respectively (i.e. the outer longitudinal, 0°, ply). It is 
important that the fabric does not come into contact with the silicone-coated melinex 
release film, as the release agent on the surface of the film can affect the adhesion 
properties between the fibres and resin. The resin was allowed to wet the fibres, with the 
addition of a little more resin to the centre of the cloth, prior to placing a piece of 
non-coated melinex on top, and allowing the resin to further wet the fabric. The resin was 
spread out across the fabric and any entrapped air was carefully removed by smoothing 
them out through the melinex with a scraper outward from the centre. In order to ensure 
that the fabric has not sheared, the fabric was squared up using a grid marked out on a 
piece of non-coated melinex, and then the first fabric blanket was put aside whilst this 
process was repeated for the second layer. The first blanket was then placed centrally 
(retaining the glass plate underneath), and the non-coated melinex was removed from the 
surfaces of both cloths. Resin was poured onto the middle of the first cloth, allowed to 
spread out sufficiently before placing the second cloth carefully on top of the first blanket, 
with the centre out (i.e. back-to-back, or face-to-face for the NCFA and NCFB types, 
respectively). In order to ensure that there was no shearing of the cloths prior to curing of 
the laminate, the grid was again used in order to align the orthogonal marks on both 
pieces of fabric. Then, the excess resin and air were gradually expelled using a scraper 
edge. The whole process was required to be done carefully but quickly enough to avoid 
the temperature of the resin falling too much, which would increase its viscosity and 
hinder flowing and wetting out of the fibres.
Once the fibres had been impregnated, the next stage was to cure the resin, initially at a 
cure temperature of 100° C for three hours, with a ramp up to curing temperature for 40 
minutes and a ramp down for 30 minutes. The laminate was placed in the oven with 
weights placed on top of the uppermost glass plate to give a low consolidating pressure 
(i.e. about 5 kN m"2). After the initial cure, the laminates were inspected and after this, 
the cured laminate edges were trimmed parallel to the orthogonal fabric axes using a 
water-cooled diamond saw. Test coupons of dimensions 20 mm x 230 mm were cut, with 
the longer length in the longitudinal (0°) direction (warp and weft for NCFA and NCFB,
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respectively). The samples were labelled and then post-cured at 150°C for three hours. 
The specimens where laid flat between glass plates in order to prevent warping.
3.4. DETERMINATION OF LAMINATE GLASS FIBRE VOLUME 
FRACTION
Fibre volume fractions were obtained for each of the laminates manufactured using a 
matrix bum-off technique. Representative laminate samples were cut (approximately 
20 mm x 20 mm) and weighed using a balance accurate to lO^g. The laminate samples 
were then placed in pre-weighed crucibles and put into a muffle oven at 600°C for around 
three hours. After cooling, the resin had been burnt away and the crucible containing 
only glass fibres was re-weighed. It is important to note that the laminate samples 
originally contained glass fibres, resin matrix and the polyester stitching. However for 
these calculations, the presence of the polyester stitching was ignored. The densities of 
polyester resin (1.2 -1.5 g/cm3) and epoxy resin (1.1 -1.4 g/cm3) are similar (Hull, 1981), 
and so ignoring the polyester stitching should not have a significant effect on the value of 
the fibre volume fraction. The laminate fibre volume fraction was calculated from the 
measured weights and the known densities of resin and reinforcement. The density of the 
glass (pf) was 2.56 g/cm3 (provided by Fothergill Engineering) whilst the density for the 
resin (pm) of 1.21 g/cm3 was taken from previous work (Marsden, 1996). The volume 
fraction of fibres, Vf, was calculated using the following equation:
where pf and pm are the densities of the fibres and the matrix, respectively, whilst mf and 
mm are the measured weights of the fibres and matrix, respectively.
Eqn. 3.1
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3.5. QUASI-STATIC MECHANICAL TENSILE TESTING
3.5.1. Preparation of Specimens for Testing
3.5.1.1. Polishing of Specimen Edges
In order to obtain edges that are polished to a finish of one micron, an edge-polishing jig 
for long tensile specimens was designed and manufactured specifically for this purpose. 
The whole length of the specimen edge could then be polished, using metallurgical 
grinding and polishing techniques. This polishing process was conducted prior to end 
tagging.
Six specimens were placed into the jig (three on either side) with aluminium strips on 
either side in order to prevent damage to the surface of the specimens by the jig’s 
tightening screws. The edges to be polished were levelled with respect to each other in 
the jig, by first finger-tightening the screws and then laying the specimens on a flat glass 
surface. This is to ensure that all the specimens lie flat whilst grinding and polishing in 
order that the complete length of all specimens are polished to the same degree. The 
specimens were then finally tightened in the jig and were ready for metallurgical grinding 
and polishing, using a Planopol-2 metallurgical polisher, with a Pedemax-2 attachment. 
The following polishing sequence was used, which differs from that used for preparing 
mounted edge specimens (see section 3.6).
The first step was to abrade the specimen edge through a series of grit papers. They were 
initially abraded using the following papers sequentially: grades 500, 1200, 2400 and then 
4000. The lubricant used was water, with an arbitrary machine pressure setting of 3 and 
no independent movement of the specimen jig with respect to the polishing wheel. The 
times for the abrasion stage were as follows; 60s, 45s, 45s and 45s for each grade of 
paper, respectively. Between each grinding cycle, the specimen jig was removed from the 
Planopol machine for cleaning in an ultrasonic bath for around five minutes. The 
specimens were then rinsed with water and left to stand for a few minutes, in order to
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remove any excess water trapped in between individual specimens. The specimen jig was 
then placed back onto the Planopol for the next grinding cycle. After the first grinding 
cycle, the specimen edges were checked under a microscope to ensure that the specimen’s 
edges remained planar.
Following this, the specimens were then polished using the following sequence. First, the 
specimens were polished on the 6 micron DUR cloth and 1 micron DUR cloth, using the 
6 micron and 1 micron diamond sprays, respectively. A lubricant was used with an 
arbitrary machine pressure setting of 3 and no independent movement of the specimen jig 
with respect to the polishing wheel. The time for each polishing cycle was two minutes. 
Between each polishing cycle, the specimen jig was removed from the Planopol for 
cleaning as for the abrasion stage outlined in the previous paragraph, although in this case 
the specimens were also rinsed with methanol. After each polishing cycle, the specimen 
edges were checked under a microscope to ensure that there was sufficient removal of 
scratches at each stage, which was done by repeat polishing cycles until the polishing was 
satisfactory. Once the polishing process had been completed, the specimens were 
removed and cleaned with methanol. The specimens were then turned around in the 
polishing jig so that the other edges could be polished using the same method.
3.5.I.2. End-tagging
Grit paper was used to abrade a 50 mm length at either end of the test specimens in 
preparation for bonding the end tabs. The abraded surfaces were then cleaned lightly with 
a water-based alkaline surface cleaner. Strips of aluminium alloy for the end tabs were 
cut, using a guillotine to dimensions of 20 mm x 50 mm. These were then etched for 30 
minutes at 65°C in a concentrated sulphuric acid/sodium dichromate solution in order to 
promote adhesion. After drying, the tabs were bonded to the specimen ends using 
Permabond F245 two-part adhesive. The adhesive was applied to the specimen surface 
and the initiator was lightly applied to the end tab surface and the two were then brought 
together, ensuring a good mix of the two parts of the adhesive. The end tabs were left 
overnight with a weight of 500 g on each end to ensure the formation of a strong bond.
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This procedure left the specimens with a gauge length of 130 mm. Figure 3.3 illustrates 
the specimen configuration.
3 5.1.3. Preparation for Strain Measurement
A 50 mm gauge length extensometer was used to measure longitudinal strain. In order to 
keep the extensometer in place during testing, two grooved seatings were made using 
two-part rapid-fix Araldite adhesive bonded onto one surface of the specimens. The 
grooves on the extensometer would sit in these grooves and would also be held in place 
on the specimen by rubber bands. The grooves were spaced 50 mm apart centred about 
the mid-length of the specimen. The locations on the specimen where the grooves would 
lie were abraded using a glass fibre abrasive pen. The two-part rapid-fix Araldite 
adhesive was mixed just prior to use, then spread evenly across the width of the specimen 
where the grooves would sit. The grooves were made by placing a V-shaped aluminium 
‘groove maker’ on top of the uncured adhesive, and held in place for at least 10 minutes, 
or until the adhesive had set (see Figure 3.4). Prior to testing, the extensometer would be 
placed with the knife-edges in the V-shaped groove and held in place using the rubber 
bands.
3.5.2. Quasi-static Tensile Test Types
Quasi-static tensile tests were conducted to examine the accumulation of damage within 
the coupons and the effect of the damage on the mechanical properties of the coupons. 
The tensile testing was performed on an Instron 1196 machine at a displacement rate of 
1 mm/min. A 100 kN load cell was used. Strain measurements were taken using a 50 
mm gauge length extensometer and the stress-strain response was recorded using a 
computer data-logger.
There were three types of quasi-static tensile tests performed. The first two types of test 
were conducted in order to obtain data for damage accumulation and quantification,
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whilst the third type of test was conducted in order to obtain data for the degradation in 
stiffness as a result of damage accumulation.
In the first type of test, the specimen was loaded continuously to failure, recording the 
stress as a function of applied strain. The undamaged Young's modulus (E0) was obtained 
along with the damage initiation and laminate failure strains (sLi, sLf), as well as the 
ultimate tensile strength (<tts). The measurement of the undamaged Young’s modulus 
was taken over a range of 0.1 % to 0.4 % strain, which is below the strain corresponding 
to the onset of matrix cracking. In order to quantify damage (transverse ply crack density, 
l/2s, where 2s is the average spacing between cracks) as a function of applied stress, in- 
situ plan view photographs were taken. Photomicrographs of edge sections from failed 
specimens were also taken in order to show the morphology of damage corresponding to 
maximum crack density. In the second type of test, the specimen was loaded 
continuously up to the onset of damage. Plan view photographs were taken in order to 
show the damage initiation sites and the morphology of cracking. In the third type of test, 
the specimen was loaded incrementally. Specimens were loaded initially to 0.4 % strain 
(which is below the onset of damage) and then the load was ramped back down to zero. 
After this, repeated loadings were carried out up to progressively higher maximum strains 
increasing from 0.4 % strain up to imminent laminate failure in 0.1 % strain increments. 
The change in Young’s modulus as a function of applied strain and crack density was 
recorded (see next section). The measurement of the undamaged Young’s modulus was 
taken over a range of 0.1 % to 0.4 % strain, which is below the strain corresponding to the 
onset of matrix cracking. Note that the specimen remained in the machine grips at all 
times. The normalised modulus (E/E0) as a function of applied maximum strain was then 
calculated. In order to quantify the stiffness reduction resulting from the damage 
observed, the normalised modulus was correlated with the transverse ply crack density 
obtained from in-situ plan view photographs. As in the first type of test, in order to 
quantify damage (crack density, l/2s) as a function of applied maximum strain, in-situ 
plan view photographs were taken at the point corresponding to the maximum strain for 
each loading. Photomicrographic edge sections of the damage corresponding to 
maximum strain were also taken in order to obtain measurements of laminate parameters
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required for theoretical modelling (see chapter 5), i.e. the longitudinal ply thickness (b), 
the transverse ply semi-thickness (d) and the outer resin-rich region thickness (m).
For tests conducted under incremental loading (to obtain data on the degradation in 
stiffness as a result of damage accumulation), each modulus value relates to the previous 
maximum strain (and also damage density) that the specimen had experienced. For 
instance, referring to Figure 3.5a, if a particular specimen was loaded to a maximum 
strain of s3 % strain (after a previous maximum strain of s2 %), then the modulus value 
taken (E2) would relate to the previous strain, s2 %, and the damage density, D2 
corresponding to the strain s2 %. Tests conducted under continuous loading would have 
the damage density relating directly to the strain at which the photograph was taken (see 
Figure 3.5b).
3.6. DAMAGE OBSERVATION AND QUANTIFICATION
The objective of the damage quantification with strain experiments was to relate the 
accumulation of damage to the applied laminate strain and to the reduction of the 
modulus resulting from the accumulation of damage. A method was required to allow the 
state of damage of a specimen to be characterised, corresponding to a specific applied 
strain or reduced modulus measurement. The method had to be non-destructive during 
tensile loading of the specimens, in order that multiple measurements could be made from 
individual specimens. As the specimens were optically transparent, in-situ photography 
could be used. High quality photographs of the damaged specimens were achieved using 
transmitted light in conjunction with an Ilford FP4 high contrast black and white film. A 
Nikon F-301 camera with a Tamron macro lens and a two-times converter was used for 
all in-situ photography of the damaged specimens. The camera was placed on a tripod 
with the objective lens approximately 150 mm from the sample. The exposure was 
aperture-controlled, which corresponded to a shutter speed of 0.5 s.
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After removing specimens from the testing machine, optical microscopy allowed the 
morphology of the transverse ply matrix cracking to be examined. Plan view sections and 
polished edge sections were examined for which a Zeiss Axiophot optical microscope was 
used, employing either transmitted of reflected light. Generally, transmitted light was 
used to examine the damage whereas reflected light was used to highlight the structure of 
the stitching and the fibre architecture.
To examine edge sections of the coupons, 20 mm lengths were cut from the tested 
coupons, placed in a cylindrical mould and encapsulated with a cold-setting transparent 
epoxy resin, Struers Epofix (Figure 3.6). The mounted specimens were left overnight to 
cure and then removed from the mould, along with any resin flashes. The mounted 
specimens were then polished metallographically in stages until the surface finish was 
appropriate for optical examination, generally after a final polish using an abrasive 
(diamond polish) to one micron. The following polishing sequence was used. The first 
step was to abrade the specimen edge through a series of grit papers. They were initially 
abraded using the following papers sequentially: grades 320, 500, 1200, 2400 and then 
4000. The lubricant used was water, with an arbitrary machine pressure setting of 2 and a 
speed of 300 rpm for the polishing wheel. The times for the abrasion stage were as 
follows: 10s, 45s, 45s and 45s for each grade of paper, respectively. Between each 
grinding cycle, the specimen jig was removed from the Planopol for cleaning with water 
and wiped with a piece of cotton wool. The specimen jig was then replaced onto the 
Planopol, for the next grinding cycle. After the first grinding cycle, the specimen edges 
were checked under a microscope to ensure that the specimen edge remained planar.
Following this, the specimens were then polished using the following sequence. First, the 
specimens were polished on the 6 micron DUR cloth, 3 micron DUR cloth and 1 micron 
DUR cloth, using the 6 micron, 3 micron and 1 micron diamond sprays respectively. A 
lubricant was used with an arbitrary machine pressure setting of 2 and a speed of 150 rpm 
for the polishing wheel. The time for each polishing cycle was 2-3 minutes. Between 
each polishing cycle, the specimen jig was removed from the Planopol for cleaning, as in 
the abrading stage. After each polishing cycle, the specimen edges were checked under a 
microscope to ensure that there was sufficient removal of scratches at each stage. The
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specimens were then finally finished on an OP-S cloth with OP-S lubricant for 
approximately 30 seconds. Once the polishing process had been completed, the 
specimens were removed and cleaned with methanol and left to dry. The specimens were 
checked for quality of polishing and then removed from the jig. Along with the in-situ 
plan view photographs, the edge section photomicrographs allow for the complete 
characterisation of the damage morphology.
In-situ plan view photographs were used to quantify the damage development as a 
function of applied strain. Transverse ply matrix cracking in cross-ply unidirectional 
prepreg-based laminates may be quantified as a function of average crack spacing (2s) 
since in general each transverse crack extends across the full width of the transverse ply. 
For the present laminates, an “area plan view crack” count was used to calculate the 
average equivalent crack spacing (2s). The crack density (l/2s) was obtained from the 
total length of all the individual cracks observed in a given area of laminate in this case, 
an area of 50 mm by 20 mm (corresponding to the area over which a 50 mm gauge length 
extensometer was used to measure the strain under tensile loading). Crack density 
measurements were taken at 0.1 % strain increments from around 0.4 % strain up to 
failure.
The following chapter presents the results for the damage accumulation and quantification 
behaviour of the two types of laminates, along with a discussion of these results. Chapter 
4 includes results for fibre volume fraction, detailed laminate morphology, the stress- 
strain relationship and mechanical properties of these materials. Further, observations of 
the accumulation and quantification of transverse ply matrix cracking is presented, along 
with the relationship between modulus and crack density, as well as between the “linear 
loop density” and saturation crack density. Chapter 5 discusses the stiffness reduction as 
a result of the accumulation in damage and theoretically models this behaviour using a 
modified shear-lag analysis based on the Lee and Daniel model (1990).
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Figure 3.1. Low and high magnification views of Cotech® ELT566 non-crimp 
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Figure 3.2. Lay-up for the two laminate types
NCFA = [WARP/WEFT],
LOADING 
PARALLEL TO 
WARP 
DIRECTION [0°J
WEFT TOWS
NCFB = [WEFT/WARP],
LOADING 
PARALLEL TO 
WEFT 
DIRECTION [0°]
WEFT TOWS
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Figure 3.3. Specimen with end tabs
(a) Edge view
End Tab
(b) Plan view
50 mm 
M------------------- ►
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230 mm
Figure 3.4. Diagram showing the alignment and indentation of knife-edges on 
glue spots for specimens
50 mm 
4 ------------------- ►
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Figure 3.5. Schematic representation of the stress-strain curves:
a) Specimens under incremental loading (showing how each modulus value 
relates to the previous maximum strain, for that particular damage state)
Stress - a  (M Pa)
Photo
Strain - e (%)
Stress - a (MPa)
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8] e2 Strain - 8 (%)
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b) Specimens under continuous loading (showing how damage relates to strain)
Stress - <7 (MPa)
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S] 82 83 s4 s 5 Strain - s  (%)
Figure 3.6. Diagram showing a specimen encapsulated in resin
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specimen--------------- ►
Edge of specimen to be 
viewed under microscopy
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CHAPTER 4 
Damage Accumulation and Quantification 
Results and Discussion
4.1. INTRODUCTION
Damage development in non-crimp fabric glass/epoxy cross-ply laminates has been 
studied under quasi-static tensile loading conditions and the results are discussed in this 
Chapter.
A characterisation of the damage, which is in the form of transverse ply matrix cracking, 
has been carried out. Damage morphology and laminate microstructure has been 
observed in detail and the development of damage quantified as a function of strain using 
both photography and microscopy. The relationship between laminate linear loop density 
and saturation crack density has also been compared.
There were two laminate lay-ups studied, each containing two non-crimp fabric blankets, 
where the configurations [WARP/WEFT]S is described as NCFA and [WEFT/WARP]s is 
described as NCFB. These fabrication issues and variables are discussed in the next 
section.
4.2. FABRICATION ISSUES AND VARIABLES
It was noted that during the cutting of the laminate into individual specimens using a 
diamond saw, the edges were sometimes rough, especially where the stitching of the 
fabric within the laminate crosses the cutting path. Since a rough edge can have an
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adverse effect upon quasi-static mechanical test data (as it is possible that rough edges can 
provide flaws at the free edge and possible sites for crack initiation), some specimens 
were prepared with polished edges and some without. For both laminate types, NCFA 
and NCFB, some of the specimen edges were polished to a one micron finish, whilst the 
edges of others were left unpolished. Thus, there are four types of specimens within this 
study, i.e. NCFA and NCFB specimens, each with either unpolished or polished edges.
Another feature noted during fabrication was degree of register. Due to effects during 
manufacture of the laminates, such as the way in which blankets of fabric nest, there is a 
variance in the degree of register with respect to the two fabric blankets. The degree of 
register could not be controlled during manufacture, but as it is possible that it can also 
exert an influence on the resultant damage morphology, the degree of register was noted 
for each specimen. The consequences of a lack of register between the blankets is 
described in the following section and discussed in more detail later in the chapter. It 
should be noted that the issue of register relates specifically to the NCFA laminate type, 
since the transverse weft (bundle) tows are very well-defined, leaving significant gaps 
within the laminate into which tows from the blankets can nest. The NCFB laminate type 
has more diffuse transverse warp tows, which spread out and so does not exhibit nesting 
in the same manner as observed in the NCFA type.
4.3. CHARACTERISATION OF FABRIC AND LAMINATE
4.3.1. Fabric
A detailed description of the fabric is given earlier in Section 3.2.2, where it was pointed 
out that the warp tows are slightly misaligned. Figure 4.1 shows a photograph of the 
fabric with the misalignment of the tows highlighted. Interestingly, the warp fibres are 
deliberately misaligned during fabric manufacture in order to ensure a flatter tow overall 
and hence to increase the fibre volume fraction within that ply (private communication 
with BTI Europe; previously called Tech Textiles).
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As can be seen in Figure 4.1, the tricot knit stitching runs parallel to the warp direction 
and follows a zigzag pattern, with the apex of each triangle, where the stitch loops (or 
knots) are formed, pointing in the weft direction. The stitching creates the inter-tow gaps 
in both the warp and weft directions. These inter-tow gaps produce distinct resin-rich 
regions in the cured laminates, which are potential sites of stress concentration within the 
material as noted also by Dransfield et al (1994).
4.3.2. Fibre Volume Fractions and Detailed Laminate Morphology
The glass-fibre volume fractions for the laminates used within this study were measured 
from bum-off tests and the results were found to be similar for both laminate types 
NCFA and NCFB and in the range 0.37 to 0.46, with an average of 0.40. For the NCFA 
laminate type, the outer (longitudinal) plies correspond to the wavy, misaligned warp 
tows, whereas the inner (transverse) plies correspond to the straight, well-aligned weft 
tows. Conversely, for the NCFB type, the outer (longitudinal) and inner (transverse) plies 
correspond instead to the weft and warp tows, respectively. Figure 3.2 in chapter 3 shows 
schematic lay-ups for the NCFA and the NCFB laminate types. Within the transverse ply, 
these constructions give rise to well-defined inter-tow resin-rich regions in the transverse 
ply of the NCFA type, but more diffuse inter-tow resin rich-regions in the transverse ply 
of the NCFB type due to the wavy nature of the warp tows.
Typical edge sections of the laminate are shown in Figures 4.2 -  4.4, which are pictures 
of laminates after testing. The pictures also show damage, in the form of matrix cracking, 
which will be discussed later. These figures indicate differences in microstructural 
features between specimen types. The details of these phenomena can be divided into 
two main regions, the outer (longitudinal) and inner (transverse) plies (as shown in Figure 
4.2).
The outer ply region consists of longitudinal tows, with a surface resin-rich layer and 
stitching bundles. Sometimes it appears that there is a large surface resin-rich layer, but 
the size of this region is dependent upon the precise position of the section across the
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width of the laminate, since the section may be between warp tows. For the NCFA 
laminate type (Figures 4.3.a and b), the wavy warp tows have bundles within which the 
fibres are more separated so it is likely that there will almost always be a few of the 
individual fibres in view on any particular edge section. By contrast, in the NCFB type 
laminate (Figures 4.3.c and d) the bundles are straighter and more clearly defined so it is 
more likely that either the complete fibre tow will be observed in a cross-sectional view, 
or the tow will appear to be absent if the specimen has been sectioned at the point of the 
inter-tow resin-rich region. The resin-rich region which forms at the surface of the 
laminate as a result of the presence of the stitching can be clearly seen in Figures 4.2,
4.3.aand4.3.d.
The inner ply regions consist of bundles of transverse tows, inter-tow resin-rich regions 
and stitching bundles. The NCFA laminate type (Figures 4.3.a and b) has very 
well-defined transverse tow fibre bundles and resin-rich pockets, due to the straight, 
well-aligned nature of the weft tows. Figure 4.3.a shows a region of laminate for which 
the transverse tows are out-of-register; in Figure 4.3.b they are in-register. Conversely, 
the NCFB laminate type (Figures 4.3.c and d) has much more dispersed resin-rich regions 
and fibre bundles, as a result of the waviness of the warp tows of the fabric.
In summary then, the various microstructural features of these non-crimp fabric laminates 
are as follows. The main observation is that both types of laminate exhibit significant 
complexity of microstructure due to features arising from the stitching process. The 
transverse plies tend to form bundles, surrounded by resin-rich pockets (which have 
formed in the inter-tow fibre gaps as a result of the stitching) and fibre volume fractions 
show a significant local variation within a given laminate. These observations are similar 
to those made by Godbehere et al (1994). Note also that, within individual fibre bundles, 
there are glass fibres and inter-fibre resin-rich regions, as indicated in Figure 4.4, which is 
a high magnification photomicrograph of an edge section showing the transverse ply with 
bundles containing glass fibres and resin-rich regions.
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4.4. STRESS-STRAIN RELATIONSHIP AND MECHANICAL PROPERTIES
4.4.1. Stress-Strain Behaviour
This section describes the general features of the stress-strain behaviour. The 
quantification of the mechanical behaviour is given subsequently.
Specimens of each laminate type were loaded under quasi-static tensile loading 
continuously to failure, recording the stress as a function of applied strain. The 
measurement of the undamaged Young’s modulus was taken over a range of 0.1 % to 
0.4 % strain. Over this range, the stress and strain are linearly related and this range is 
also below the onset of matrix cracking.
Examples of typical stress-strain curves are given in Figures 4.5 and 4.6 for NCFA and 
NCFB laminate coupons, respectively, showing curves for both the unpolished-edge and 
the polished-edge specimens for each type (two examples are given for each type to show 
reproducibility). For the NCFA specimens the stress-strain relationship is initially linear 
up to the onset of damage which occurs at a strain of about 0.6 %. A  characteristic ‘knee’ 
in the curve (i.e. deviation from linearity of the stress-strain relationship) is observed at 
the damage initiation strain in all laminate types, although this is much more pronounced 
for the NCFB type. By contrast, the damage initiation strain in the NCFB specimens is 
much higher, about 0.8 %. This difference is reflected in the stress-strain curves. The 
NCFA specimens show a ‘knee’ at about 0.6 % strain, whereas the NCFB specimens 
show a ‘knee’ at about 0.8 % strain.
4.4.2. Young’s Modulus Measurements
Table 4.1 shows results for the Young’s modulus, damage initiation strain, failure strains 
and ultimate tensile strengths for NCFA and NCFB specimens. There was very little 
difference in the moduli of any of these laminates. Table 4.2 shows further typical values
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for Young’s modulus, Poisson’s ratio and fibre volume fraction for a number of different 
NCFA coupons, where it can be seen that moduli changes follow the small changes in 
fibre volume fraction. Overall, the NCFA laminates had a slightly lower modulus 
(18.4 ± 0.3 GPa compared to 18.9 ± 0.4 GPa for the NCFB laminate). This could 
possibly be attributed to the waviness of the 0° tows in the NCFA laminates compared to 
the straight 0° tows of the NCFB laminate.
A rule-of-mixtures estimate of the Young’s modulus, based on 50 % 0° plies and 50 % 
90° plies, with the modulus of E-glass fibres, Ef taken to be 16 GPa (Hull, 1981) and the 
modulus of the epoxy resin, Em , as 3.56 GPa (Marsden, 1996) gives a predicted Young’s 
modulus of 19.3 GPa for the experimentally measured fibre volume fraction of 40.4 %. 
By way of comparison, the laminated plate theory value for a (0/90) E-glass/epoxy 
laminate with a fibre volume fraction of 40 % (based on the El9 E2 and G12 values of Sih, 
1979 for a GFRP lamina) is 19.9 GPa. Hence, both moduli predictions are in reasonable 
agreement with the experimentally measured values for the undamaged modulus of both 
types of laminate.
4.4.3. Crack Initiation Strains
Under tensile loading, transverse ply crack initiation occurred at an applied strain range of 
0.6 - 0.7 % strain for the unpolished NCFA laminate type, but at a slightly higher strain 
for the polished specimens (i.e. 0.6 - 0.8 % strain). However, for the NCFB laminates, 
there is a clear increase in the crack initiation strain to between 0.7 - 0.8 % and 
0.8 - 0.9 % strain (for the unpolished and the polished edge specimens, respectively). In 
addition, as noted in the previous section, the onset of damage in the NCFB laminates 
gives rise to a clear knee in the stress-strain curve which marks the onset of deviation 
from linearity (Figures 4.5 and 4.6).
Focusing first on the difference between polished and unpolished specimens, the 
observation that the onset of cracking occurred at a lower applied strain range for the 
unpolished edge specimens from both laminate types could be attributed to the presence
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of more damage initiation sites along the relatively rough zmpolished edges compared 
with the polished edges. Cutting of specimens with a diamond saw introduces edge 
damage, which gives many more potential sites for transverse ply matrix crack initiation. 
Polishing the edge obviously removes most of these sites.
With regard to large differences in the crack initiation strains between NCFA and NCFB 
specimens overall, it is well established that the onset of transverse ply cracking depends 
upon the thickness of the transverse ply (Parvizi et al, 1978). However, this phenomenon 
was not the origin of the differences observed here. The NCFA coupon transverse ply 
thicknesses vary from around 0.47 mm to around 0.59 mm, for the unpolished and 
polished specimen types, respectively (see Table 4.3). The reason why there is this 
difference in the transverse ply thickness within the laminate is probably due to the 
observation that when the tows are out-of-phase (Figure 4.4.a), they tend to nest with each 
other, creating a thinner transverse ply than when the tows are in-phase (Figure 4.4.b). 
All the NCFB type specimens tended to have similar transverse ply thickness of 
approximately 0.6 mm (Figures 4.4.c and 4.4.d) because in the NCFB specimens, the 
transverse tows are wavy and misaligned, and hence tow nesting does not occur. An 
additional consequence is a thicker transverse ply. So, although it is the NCFB specimens 
which have the thicker transverse plies, and would be expected to show the lower strain to 
crack initiation (Parvizi et al, 1978), it is the NCFA specimens which in fact show the 
lower strain to crack initiation. One possible explanation of the observed difference in 
crack initiation strain is that the later onset of cracking in the NCFB laminate may be due 
to the dispersed nature of the 90° tows and the consequent lower strain magnification 
between the tows due to their lower effective transverse modulus (Kies, 1962).
4.4.4. Laminate Failure Strains
Table 4.1 shows that laminate failure strains, sf, are much lower in the NCFA specimens 
(around 1.6 %) than in the NCFB specimens (around 2.4 %). This is reflected also in the 
respective tensile strengths, gts, since the NCFA specimens have much lower tensile 
strengths (around 220 MPa) than the NCFB specimens (around 350 MPa). The much
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lower failure strains and strengths for NCFA specimens is probably related to waviness of 
the warp tows in the longitudinal ply (see Figure 4.1). The misalignment of the 
longitudinal tows is about 10°. Predictions based on Tsai-Hill and Tsai-Wu failure 
criteria (Daniel and Ishai, 1994) indicate that for glass epoxy, a reduction in strength of 
the 0° ply value is expected to be between 80 % and 50 % for such misalignments. In the 
results found here, the NCFA laminate strength has fallen to about 63 % of its value for 
the NCFB (aligned tows) value, which is well within this range.
4.5. DAMAGE ACCUMULATION OBSERVATIONS
4.5.1. Introduction
The sequence of damage events under quasi-static tensile loading for non-stitched, 
continuously aligned glass fibre/epoxy resin cross-ply laminates is well established, and is 
outlined in the literature review (Chapter 2). The first damage event that occurs as strain 
is increased is in the form of debonding between fibres and matrix. This is followed by 
the linking of the debonds to form matrix cracking in the transverse ply.
As in laminates produced using prepreg, the observation of fibre-matrix debonding in 
non-crimp fabric laminates is difficult and has not been attempted here. Instead, the study 
has focused on the development of the first major type of damage, i.e. matrix cracking. 
The structure of both the NCFA and NCFB type laminates relates closely to that of non- 
stitched, continuously aligned cross-ply laminates and hence similar damage observation 
techniques are used, i.e. in-situ plan view photographs and edge section 
photomicrographs.
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4.5.2. Plan View Observations of Damage Development
Coupons of the NCFA and NCFB laminates were loaded in tension. Damage was 
observed, and in-situ plan view photographs were taken, at 0.1 % strain increments from 
around 0.4% strain up to failure. The photographs were used to quantify damage 
development as a function of applied strain. Examples of in-situ plan view photographs 
taken at various applied strains from damage initiation to imminent failure are shown in 
Figures 4.7 and 4.8, for NCFA specimens with unpolished and polished edges, 
respectively, as well as Figures 4.9 and 4.10, for NCFB specimens with unpolished and 
polished edges, respectively.
Stress whitening (discussed previously in the literature review, Chapter 2) was observed 
prior to damage initiation in all the specimens and increased in intensity until failure, at 
which point the stress whitening disappeared. The stress whitening occurred in bands 
across the width of the specimen. Similar stress whitening was observed by Marsden 
(1996) in woven glass/epoxy laminates.
The following is a description of the general damage development in the two types of 
laminate, with reference to the in-situ plan view photographs in Figures 4.7 to 4.10.
For the NCFA specimens, cracks initiate almost exclusively at the edges (Figures 
4.7 - 4.8). The cracks grow parallel to the 90° ply fibres across the width of the 
specimens until, in general, they span the full width of the coupon. However, there are 
differences between coupons with unpolished or polished edges. In the unpolished 
specimens (Figure 4.7), the cracks tend to pass through or near loops. However, in the 
polished specimens (Figure 4.8), although some of the cracks do pass through, or very 
close to the loops, the cracks do not always do so, and many of the cracks are also 
observed between rows of loops. Hence, it appears that in unpolished specimens, crack 
initiation occurs from many edge sites and where cracks propagate is determined by the 
presence of the loops. In polished specimens there are fewer sites for crack initiation and, 
once initiated, cracks develop across the coupon width with only a minor influence from
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the loops. Higher magnification micrographs of cracks in NCFA specimens are shown in 
Figure 4.11.
In the NCFB specimens, cracks again predominantly initiate at the edges (Figures 
4.9 - 4.10). In these specimens, whether with polished or unpolished edges, the cracks do 
not tend to propagate through loops. Once initiated at the edges cracks follow the wavy 
warp tow path. In general, the cracks propagate to span the full width of the coupon, 
although there are cracks that do not completely span the full width, as they are halted by 
overlapping with a crack propagating from the opposite edge. Cracks can, of course, pass 
through or near loops, but they do not show a preference to do so. Again there is a 
difference between polished and unpolished specimens in that many small edge cracks are 
observed at the edges of unpolished specimens which do not grow subsequently. These 
are not observed for coupons with polished edges. However, for both polished and 
unpolished coupons, there is no preferred path through the loops. In both cases, it seems 
that the fact that the transverse tows here have dispersed fibres dominates the behaviour. 
Photomicrographs of edge sections are shown in Figures 4.3. In Figure 4.3.a and b, the 
well-defined (transverse) weft bundles of the NCFA coupons can be clearly seen, in 
comparison with the dispersed (transverse) warp bundles of the NCFB coupons (Figure
4.3.c and d). Higher magnification micrographs of cracks in NCFB coupons are shown in 
Figure 4.12.
Figure 4.13 shows further edge sections in the NCFA specimens, showing the location of 
damage. In addition to cracks through fibre bundles and through inter-tow resin-rich 
regions, cracks also occur in the surface resin-rich regions. It is often the case that these 
surface resin-rich region cracks are aligned with the cracks in the transverse ply. This 
suggests that because of a combination of low fibre volume (about 40 %) and fibre 
bundling, it is sometimes possible for the transverse ply cracks to find a path between the 
0° fibre tows to the surface.
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4.6 DAMAGE QUANTIFICATION
4.6.1 Introduction
In-situ plan view photographs of the type shown in Figures 4.7 -  4.10 were used to 
quantify the damage development as a function of applied strain. The coupons were 
loaded continuously and photographs were taken so that crack density measurements 
could be made at 0.1 % strain increments from around 0.4 % strain (i.e. below the onset 
of cracking) up to failure. Additionally, some specimens were loaded and unloaded to 
progressively larger peak strains to near failure and photographed during loading.
The method used to obtain the crack densities can be found in Section 3.6 of Chapter 3. 
Figures 4.14 to 4.15 shows plots of transverse ply crack density as a function of applied 
strain for each of the specimen types. The figures show that the data follow the 
well-established general trend in cross-ply laminates of increasing crack density with 
increasing applied strain (e.g. Garrett and Bailey, 1977a; Ogin et al, 1984). At least two 
results are shown for each type of specimen to indicate the reproducibility of the results.
4.6.2. Damage Accumulation with Strain
Figures 4.14.a and b show typical crack density/applied strain data for NCFA specimens. 
The strain to failure of NCFA specimens (noted earlier) is about 1.5 % (see Table 4.1). 
By this strain, the crack density of unpolished specimens (Figure 4.14.a) has already 
saturated. This is because all the preferred sites associated with the loops have been used. 
On the other hand, polished edge specimens (Figure 4.14.b) do not show crack saturation 
by this strain; crack sites are not confined to loops for these specimens.
Figures 4.15.a and b show typical results for NCFB specimens. The strain to failure for 
these specimens (about 2.5 %) is much larger than for NCFA specimens, reflecting the 
good alignment of the fibres in the 0° plies. The maximum crack density prior to failure
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is slightly higher than in NCFA specimens but no saturation crack densities are observed. 
In NCFB specimens, as noted earlier, the crack path is not straight since the transverse 
cracks follow the transverse tows, which are not straight themselves.
Each of the crack density plots shows horizontal lines labelled “linear loop density”. 
These lines, and their relationship to the expected saturation crack densities, are explained 
in section 4.8.
4.7. MODULUS-CRACK DENSITY RESULTS
As mentioned earlier, specimens of each laminate type were loaded and unloaded to 
progressively larger peak strains (incrementally) under quasi-static tensile loading 
conditions recording the stress and residual modulus as a function of applied strain. The 
measurement of the residual modulus, for each loading, was taken from 0.1 % to 0.4 % 
strain, which was below the onset of cracking. In-situ plan view photographs were taken 
after each peak loading and were used to quantify the damage development as a function 
of applied strain. Crack density measurements were taken at several levels of maximum 
applied strain (for each loading), at 0.1 % strain increments from around 0.4 %.
In both NCFA and NCFB specimen types, measurements of the Young’s modulus during 
incremental loading showed that the modulus increased initially (prior to crack initiation) 
by about 1.4 % and 1.0 %, for the NCFA and NCFB laminate types, respectively, and 
then decreased once cracks began to form. Figure 4.16 shows Young’s modulus (E) as a 
function of applied strain for NCFA and NCFB laminate types. The origin of the initial 
modulus increase is not entirely clear but may be related to the ability of the misaligned 
warp fibre tows to align themselves slightly under tension. The subsequent modulus 
reduction prior to final failure, which is related to crack development, is of the order of 12 
% and 19 % for NCFA and NCFB laminate types, respectively.
The modulus and crack quantification data obtained from these incremental loading tests
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are shown in Figures 4.17 and 4.18; the data are modelled in the following chapter. In 
these figures, the modulus has been normalised by the peak modulus prior to crack 
initiation (E0). The initial increase in this normalised modulus (E/E0) reflects the small 
rise in the measured modulus prior to crack initiation.
4.8. "LINEAR LOOP DENSITY” AND SATURATION CRACK DENSITY
4.8.1 Linear Loop Density
The linear loop density, mentioned at the end of section 4.6.2 above, is defined as the 
number of loops per unit length of non-crimp fabric, either in the warp or the weft 
direction. Hence the linear loop density also corresponds to the number of inter-tow gaps 
per unit length, since the presence of a loop creates the resin-rich region of the inter-tow 
gap.
In order to determine the linear loop density, the number of loops along a length of 
50 mm was measured. There are two different linear loop densities of importance here: 
the symbol for the linear loop density for NCFA coupons is (l/2/)NCFA and the symbol for 
the linear loop density for NCFB coupons is (l/2/)NCFB.
Now, the linear loop density relates to an individual fabric blanket. However, since there 
are two fabric blankets for each laminate, the total linear density can be up to twice the 
value for one blanket, depending on the degree of register of the two blankets with respect 
to each other. Thus, the terms upper bound and lower bound linear loops density are 
used. The upper bound assumes that the two blankets are perfectly out-of-register. The 
lower bound assumes that the blankets are in-register.
The values for the upper and lower bound linear loop densities for the two laminate types 
NCFA and NCFB are given in Table 4.4 (the lower bound linear loop densities are 0.48 
mm"1 and 0.30 mm"1 for NCFA and NCFB, respectively, and twice these values for the
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upper bounds). As the wavy warp tows are more misaligned and spread more widely 
across the plane of the fabric, there is a significantly lower linear loop density in the 
NCFB laminate than in the NCFA laminate.
4.8.2 The Relationship between Linear Loop Density and Saturation Crack 
Density
In the crack density/strain plots shown in Figures 4.14 to 4.15, the upper and lower 
bounds for the linear loop density are also shown.
For the NCFA unpolished specimens (Figure 4.14), the NCFA upper bound linear loop 
density corresponds very closely to the experimentally observed saturation crack density. 
In addition, the final crack density prior to laminate failure for the NCFA polished 
specimens shown in Figure 4.14.b, lies between the two bounds (note that saturation of 
damage does not occur in the polished specimens). A close inspection of edge sections of 
these specimens showed that in the unpolished specimens, the blankets were largely out- 
of-phase and hence the saturation crack density tended to the upper bound value. By 
contrast, the NCFA specimens shown in Figure 4.14b had blankets which were more in- 
phase.
In the NCFB specimens there is a different relationship between the crack density and 
linear loop density. Here, all specimens tended to behave in a similar manner (Figure 
4.15), and the saturation crack density is much greater than the upper bound linear loop 
density of 0.6 mm'1. This is consistent with the lack of influence of the loops in the crack 
accumulation for these laminates, which have transverse fibres that are more evenly 
dispersed. However, some small influence of the loops on crack accumulation may be 
apparent from the figures since the crack density/applied strain results appear to show a 
change of slope at the upper bound line.
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4.9. SUMMARY
Damage development in non-crimp fabric glass/epoxy cross-ply laminates has been 
studied under quasi-static tensile loading conditions. Two laminate lay-ups were studied, 
NCFA (WARP/WEFT), and NCFB (WEFT/WARP),. A characterisation of the 
transverse ply matrix cracking was carried out. Damage morphology and laminate 
microstructure was observed in detail and the development of damage quantified as a 
function of strain using both photography and microscopy. The relationship between 
laminate linear loop density and saturation crack density was also compared.
Stress-strain plots show a characteristic knee in the curve, corresponding to the onset of 
cracking, below which the stress/strain relationship is linear. Damage initiates at a lower 
strain for NCFA coupons than in NCFB coupons. Unpolished-edge specimens show 
damage initiation at a lower strain than polished-edge specimens, which is attributed to 
the increase in damage sites along the rough unpolished specimen edge.
The NCFA coupons show a slight variability in the transverse ply thickness, since nesting 
of the well-defined 90° ply fibre bundles is possible. In general, NCFB specimens have a 
thicker 90° ply due to the wavy, dispersed nature of the bundles in the transverse ply with 
no nesting observed. Although thick transverse plies (as in NCFB) would normally yield 
lower strain to crack initiation, this was not found to be the case and was attributed to the 
dispersed nature of the 90° fibre bundles and consequent lower strain magnification 
between tows.
The Young’s modulus was similar for all specimen types, with the slightly lower Young’s 
modulus recorded for the NCFA laminates being attributed to the waviness of the 0° tows. 
Comparisons with predictions of the Young’s modulus based on rule-of-mixtures and 
laminate plate theory were in reasonable agreement with experimental results, although 
neither method took into account structural features within each laminate, since the 
predictions are based on an idealised, homogeneous cross-ply laminate. Failure strains 
and tensile strengths are much lower in the NCFA specimens, a result of the misalignment
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of the 0° fibres by up to 10°.
Damage accumulation was observed to behave in a similar manner to that observed in 
cross-ply laminates. Cracks generally span the full width, with damage initiating at the 
edge in all cases as is usually the case for cross-ply GFRP laminates with ‘thick’ 
transverse plies. NCFA specimens with unpolished edges show damage propagating 
primarily through the loops, whereas this is not necessarily the case for polished edges. 
In the NCFB laminates, there is no preference for propagation through the loops, and 
some cracks are halted by overlapping with cracks propagating from the opposite edge. 
Thus the dispersed nature of the fibres in the transverse tows of the NCFB specimens 
dominates the development of damage. Cracks were observed in the surface resin-rich 
region for all specimen types, probably due to a combination of low fibre volume and 
fibre bundling, whereby it is sometimes possible for transverse ply cracks to find a path to 
the surface.
Saturation of matrix cracking damage occurred in the unpolished NCFA specimen, 
indicating that all the preferred sites associated with the loops were used. However, no 
saturation occurred in the polished type, as cracks were not confined to the loops. The 
NCFB specimens yielded higher strains to failure as a result of the good alignment of the 
0° plies. No saturation of matrix cracking occurred in these specimens since, again, the 
matrix cracking was not confined to paths through or adjacent to loops.
For both the NCFA and NCFB laminate types, measurements of Young’s modulus during 
incremental loading showed an initial increase in modulus prior to a decrease once cracks 
began to form. The origin of the initial modulus increase is not entirely clear but may be 
related to straightening of the 0° tows. The degradation in modulus as a result of the 
accumulation of matrix cracks occurs in a similar manner to that observed in cross-ply 
laminates.
A new parameter, the linear loop density, has been introduced. This is defined as the 
number of loops per unit length of fabric blanket. In some circumstances, the upper 
bound linear loop density for a laminate correlated well with the saturation matrix crack
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density. This occurs when the two fabric blankets are out-of-phase and the matrix crack 
initiation sites are associated with the resin-rich regions caused by the loops, as in the case 
of the unpolished NCFA coupons. The NCFB specimens all showed crack densities at 
failure well above the upper bound linear loop density, consistent with the lack of 
influence of the loops on crack accumulation, since the transverse tows in these coupons 
are more dispersed.
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CHAPTER 4 
TABLES AND FIGURES
Table 4.1. Young’s moduli, damage initiation strains, failure strains and tensile 
strengths of typical NCFA and NCFB specimens
Specimen Young’s
modulus
Eo(GPa)
Damage 
initiation strain
% (%)
Failure strain 
Gf(%)
Tensile 
strength 
gts (MPa)
NCFA 18.7 0 .6-0 .7 1.64 246
Unpolished edges 18.4 
Vf = 40.1 %
0.6-0 .7 1.64 235
NCFA 18.5 0.7-0.8 1.49 212
Polished edges 18.1 
Vf = 40.1%
0.6-0 .7 1.47 210
NCFB 19.3 0 .7-0 .8 2.21 343
Unpolished edges 18.7 
Vf = 37.6%
0.6-0 .7 2.42 339
NCFB 19.0 0.8-0 .9 2.47 358
Polished edges 18.4 
Vf = 37.6%
0.8-0.9 2.57 360
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Table 4.2. Typical values for Young’s modulus, Poisson’s ratio and fibre volume 
fractions for a number of different Type A specimens
Young’s modulus 
E0 (GPa)
17.7 17.5 17.9 17.8 17.8 18.9 18.6 19.1
Poisson’s ratio
Vo
0.19 0.14 0.18 0.17 0.18 0.16 0.16 0.17
Fibre volume 
fraction Vf (%)
36.5 36.5 36.8 36.8 36.8 46.2 46.2 46.2
Table 4.3. Transverse ply thickness and minimum measured crack spacing
Specimen Transverse ply Minimum crack Ratio
Thickness spacing
2d (mm) 2s (mm) 2s/2d
NCFA Unpolished edges 0.45 1.00 2.2
0.49 1.07 2.2
NCFA Polished edges 0.62 1.57 2.5
0.56 1.42 2.5
NCFB Unpolished edges 0.65 0.95 1.5
0.59 0.86 1.5
NCFB Polished edges 0.62 0.95 1.5
0.59 1.03 1.7
Table 4.4. Upper & lower bound linear loop densities in the two laminate types
Laminate type Linear loop density (mm'1)
( 1 / 2 ( ) l o w e r  b o u n d ( 1 / 2 / ) u P P ER BOUND
NCFA 0.48 0.96
NCFB 0.30 0.60
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Figure 4.1 Low magnification view of Cotech® ELT566 non-crimp fabric
Figure 4.2. Photomicrograph of edge section of an NCFA unpolished edged
specimen, indicating various microstructural features
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Figure 4.3. Photomicrographs of edge sections of specimens, indicating
differences in microstructural features between specimen types
a) NCFA unpolished laminate type, showing transverse ply bundles in-register
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b) NCFA polished laminate type, showing transverse ply bundles in-register
200 pm
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Figure 4.3. Continued
c) NCFB unpolished laminate type
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Figure 4.4. High magnification photomicrograph of edge section, showing
transverse ply with bundles containing glass-fibres and resin-rich 
regions
100 pm
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Figure 4.5. Typical stress-strain curves for NCFA type laminates
a) Stress as a function of strain for NCFA unpolished edged specimens
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b) Stress as a function of strain for NCFA polished edged specimens
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Figure 4.6. Typical stress-strain curves for NCF type laminates
a) Stress as a function of strain for NCFB unpolished edged specimens
360 
320 
280 
S T 240
£ 2 0 0
GO
1  160
H 120 
GO
80 
40 
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
STRAIN (%)
b) Stress as a function of strain for NCFB polished edged specimens
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Figure 4.11. High magnification plan view photomicrographs of NCFA laminate 
type specimens
(a) NCFA unpolished edged specimens
At Failure
At Damage 
Initiation
(b) NCFA polished edged specimens
At Failure
At Damage 
Initiaion
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Figure 4.12. High magnification plan view photomicrographs of NCFB laminate 
type specimens
(a) NCFB unpolished edged specimens
At Failure
At Damage 
Initiation
(b) NCFB polished edged specimens
At Failure
At Damage 
Initiaion
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Figure 4.13. Photomicrographs of regions of edge sections, indicating the location 
of damage that occurs within the NCF laminates
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Figure 4.14. Crack Density as a function of strain graphs
a) Combined graph of NCFA unpolished edged specimens under continuous 
(shaded data) and incremental (unshaded data) tensile loading conditions
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Figure 4.15. Crack Density as a function of strain graphs
a) Combined graph of NCFB unpolished edged specimens under continuous 
(shaded data) and incremental (unshaded data) tensile loading conditions
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Figure 4.16. Young’s Modulus as a function of Applied strain 
shaded data -  NCFA, unshaded data -  NCFB
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Figure 4.17. Graph of normalised modulus as a function of crack density for 
NCFA (experimental data)
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Figure 4.18. Graph of normalised modulus as a function of crack density for NCFB 
(experimental data)
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CHAPTER 5 
Stiffness Reduction and Theoretical Modelling 
Results and Discussion
5.1. INTRODUCTION
In the previous chapter, the effect of transverse ply matrix cracking on the residual 
modulus of a non-crimp fabric glass/epoxy cross-ply laminate has been studied under 
quasi-static tensile loading. In this chapter, the experimental results are compared with a 
prediction based on a modified shear-lag model.
The shear-lag theory for matrix cracking in (0/90)s cross-ply fibre-reinforced laminates is 
outlined first, followed by a description of the development of the “equivalent laminates” 
used for the theoretical modelling.
5.2. SHEAR-LAG MODEL FOR MATRIX CRACKING IN NON-CRIMP 
CROSS-PLY LAMINATES
5.2.1. Development of the Model
In shear-lag models for predicting modulus reduction as a consequence of matrix 
cracking, fully developed transverse ply matrix cracks are assumed to cover the full width 
and thickness of the 90° ply. In the vicinity of a crack, the region of the transverse ply 
adjacent to the crack is relieved of stress as no load can be transmitted across the crack 
surfaces. As a result, those stresses that were previously carried by the transverse ply are 
redistributed into the adjacent longitudinal plies (Parvizi and Bailey, 1978). This
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redistributed stress is transmitted into the longitudinal plies and back into the transverse 
ply (away from the vicinity of the cracks) by means of shear. The magnitude of the shear 
stresses depends upon the distance from the crack, i.e. close to cracks the shear stress is 
high in comparison to the stress in regions at a remote distance from the crack.
Three slightly different forms of shear-lag models have been used within this study to 
predict the effect of transverse ply matrix cracking. The models of Garrett and Bailey 
(1977b) which assumes a linear variation of the longitudinal displacements in the 
transverse ply; Steif (1984) and Ogin et al. (1984) which assumes a parabolic variation; 
and Daniel and co-workers (Daniel and Tsai, 1985; Lee and Daniel, 1990), which 
assumes in addition a parabolic variation of the longitudinal displacements in the 
longitudinal plies. For all these models, the normalised longitudinal modulus (E/E0) as a 
function of the average crack spacing (2 s) is given by:
_E
En
1
1 + V b + d E, tanh(Xs )
k J L b E0J Xs
Eqn. 5.1.
where: G 23 =
2 (l + ^ 2 3 )
Eqn. 5.2.
The different assumptions made about the displacements lead to different expressions for 
X and the various terms are defined below.
Assuming only that there is a variation of the longitudinal displacements in the transverse 
ply leads to
X aG 23 (b + d )E 0 
d 2 bE 2 E j
Eqn. 5.3.
where a  = 1 (linear variation; Garrett and Bailey) or a  = 3 (parabolic variation; Steif and 
Ogin et al).
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Including the longitudinal variation in the longitudinal plies (Lee and Daniel, 1990) leads 
to
, 2 _ 3G 13 G 23 (b + d )E q
(bdE ,E j ( b G  23 + dG 13 )  q • • •
where for transverse isotropy of a ply, G13 = G12. Note that if G13 »  G23, then Equation 
5.4 will reduce to Equation 5.3 when a  = 3.
In these expressions, E, E0, E, and E2 are the moduli of the damaged (i.e. cracked) 
laminate, the peak undamaged laminate, the longitudinal ply and the transverse ply. G23 
is the shear modulus of the transverse ply in the longitudinal direction (i.e. out-of-plane), 
G13 is the in-plane shear modulus parallel to the fibres and V2 3 is the Poisson’s ratio. The 
thicknesses of the longitudinal and transverse plies are given by b and 2 d, respectively, 
with 2s representing the crack spacing, as shown in Figure 5.1 (and the damage density is 
l/2 s).
In the shear-lag model outlined above, it is assumed that the cross-ply laminate is an 
infinite flat plate composed of three layers of uniformly distributed straight fibres in a 
continuous void free matrix. However, it was shown in Chapter 4 that non-crimp fabric 
based cross-ply composites are complex in their microstructure. The non-crimp fabric 
blankets consist of warp fibre tows, which are not straight, although the weft fibre tows 
are largely straight and well-aligned. Another feature of the laminates is a surface resin- 
rich region as a result of the presence of the stitching at the surface.
Clearly, the shear-lag model needs to be modified in order to take into account both the 
resin-rich region at the laminate surface and the waviness of the warp tows. Figure 5.2 
shows a schematic diagram of the idealised laminate lay-up used here showing the 
resin-rich layer at the surfaces. To aid the description which follows, the laminate 
excluding the resin-rich layer is called here the sub-laminate. A consequence of the 
surface resin-rich region is that the fibre volume fraction in the sub-laminate (Vf) is higher
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than the experimentally measured fibre volume fraction (V^). This increased volume 
fraction is calculated using the following Equation:
t T Eqn. 5.5.
where tT is the total laminate thickness and t is the sub-laminate thickness.
Having corrected the sub-laminate volume fraction in this way, values of E2 and v23 were 
found from Sih (1979) for the relevant fibre volume fraction. To find the modulus 
reduction due to matrix cracking in the laminate, the first requirement is to find the effect 
of matrix cracking on the sub-laminate.
To apply the shear-lag theory to the sub-laminate, it is necessary to find the effective 
longitudinal modulus E/, of the 0° plies. This can be found by using a rule-of-mixtures 
expression together with the experimentally measured peak undamaged modulus of the 
whole laminate, E0, where
E 0 =
bE,'
b + d + m
+
dE.
b + d + m
+
mE,
b + d + m
Eqn. 5.6.
Here m is the thickness of the surface resin-rich region and Em is the epoxy resin Young’s 
modulus.
The effective peak undamaged modulus, E0', for the sub-laminate can be now found since
E„'=
"bE,'" + ' dE2 '
b + d b + d
Eqn. 5.7.
Of course, E0' > E0 since the sub-laminate has the higher volume fraction.
Knowing the value of E0' for the sub-laminate, it is now possible to find the reduced
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modulus (F) of the [0/90]s sub-laminate as a consequence of cracking using the shear-lag 
expression, which for the sub-laminate is given by:
1
Eo* 1 + +»'■
"b + d E/" tanh(As)
l+vj b E0'J As
Eqn. 5.8.
where:
G23 = 2(l + v23)
Eqn. 5.9
The particular form of shear-lag model used will, as explained above, determine the 
expression for X.
Having found a value for the reduced modulus of the sub-laminate after matrix cracking 
occurs, it is now possible to find the laminate modulus due to cracking, using a rule-of- 
mixtures expression to take account of the resin-rich region, i.e.
E = b + d
b + d + m
E'+ m
b + d + m
Eqn. 5.10.
In this way, the normalised modulus (E/E0) of the laminate can be predicted as a function 
of crack density (l/2 s) for comparison with the experimental results.
5.2.2. Comparison of the Model with Experimental Data
Three types of shear-lag model have been investigated and the results compared to the 
experimental data. These models were based on equation 5.3 for X, where a  = 1 (Garrett 
and Bailey, 1977a) or a  = 3 (Steif, 1984), or on equation 5.4 for X (Lee and Daniel, 1990). 
These three predictions are shown for both geometries of non-crimp fabric (i.e. NCFA 
and NCFB) in Figures 5.3 and 5.4, and compared with experimental data.
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The relevant data for the modelling is as follows. The sub-laminate fibre volume fraction 
(Vf) is 51.5 % for the NCFA laminate and 48.1 % for the NCFB laminate, giving values 
for the transverse ply modulus (E2), to be 9.58 GPa and 9.16 GPa for the NCFA and 
NCFB laminate types, respectively. The values of the Poisson’s ratio (v^) are 0.3 for 
both NCFA and NCFB laminates. The experimentally measured peak undamaged 
laminate moduli for NCFA and NCFB laminates were 20.3 GPa and 21.4 GPa, 
respectively. These values give effective 0° ply moduli, E/, of 30.7 GPa and 46.6 GPa, 
for NCFA and NCFB type laminates, respectively. It should be noted that the reduced 
effective longitudinal (0°) ply modulus for the NCFA laminates is compatible with the 
wavy nature of the 0° tows in the NCFA laminate compared with the straight 0° tows of 
the NCFB laminate. (In section 5.3, a model is developed to investigate whether such a 
large reduction is reasonable.)
Figures 5.3 and 5.4 show that the shear-lag model of Lee and Daniel (1990) shows the 
best agreement with the experimental data for both laminate types. This expression 
assumes a parabolic variation of shear in the longitudinal plies as well as a parabolic 
variation of the longitudinal displacements in the transverse ply. Figure 5.5 shows the 
Lee and Daniel predictions alone for both the NCFA and NCFB coupons, together with 
the experimental results. The agreement is good in both cases.
5.3. SINE WAVE MODEL FOR NCFA LONGITUDINAL PLY (WARP TOW) 
MODULUS
In the previous section, it was shown that the effective 0° ply modulus derived for the 
NCFA laminates is much lower than the effective 0° ply modulus for the NCFB 
laminates. This is related to the wavy nature of the 0° tows in the NCFA laminates. As 
shown in Figure 4.1, the misalignment of the warp tow fibres varies with a maximum 
value of around 10° and follows a sinusoidal variation. Based on these observations a 
sine wave model (following Ironside, 1997) can be used to obtain a value for the reduced 
effective longitudinal (0°) ply modulus, E/, as a result of the fibre undulation.
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A schematic representation of a wavy warp fibre tow embedded in resin as a sine wave is 
shown in Figure 5.6, where the amplitude of the sine wave is ymax, and the wavelength is 
X. The value of ymax can also be related to X through the angle § (see Figure 5.6). To find 
the effective modulus of such an undulating tow the wavelength is divided into 1 0 0  units 
such that the angle of each unit to the x-axis is defined by the angle 6 . A particular unit is 
given the value, n, where n has values between 1 and 100. The off-axis modulus is 
calculated for each unit (and hence, angle 6 ) and summed to give an overall effective 
longitudinal modulus value for the overall wavy tow embedded in resin (E/):
E/ is thus also the effective modulus for a longitudinal ply with wavy warp fibre tows. E, 
and E2, are the longitudinal and transverse moduli for the equivalent ply with straight 
tows, G12 is the in-plane shear modulus and vi2  is the Poisson's ratio.
The laminate properties used are those relevant to the sub-laminate, which has a fibre 
volume fraction, Vf, of 51.5 %. For this value of Vf, the values of the longitudinal ply 
modulus, Ej, and the transverse ply modulus, E2, are 40.0 GPa and 9.58 GPa, respectively. 
The in-plane shear modulus, G12, is 3.75 GPa and the Poisson’s ratio (v23) is 0.28 (Sih, 
1979).
Figure 5.7 shows a graph of how the modulus varies as a function of § for a constant 
wavelength (taken to be 33.5 mm for the NCFA laminate from figures such as Figure 
4.1). The predicted variation of E/ varies from 40 GPa (for straight tows) to about 
22 GPa when § is about 18°. The value for E,' for the NCFA laminate was found to be 
30.7 GPa (Section 5.2). These tows show a measured amplitude of about 1.5 mm,
-i
Eqn. 5.11.
where: Eqn. 5.12.
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corresponding to a value of § of about 10°. From Figure 5.7 the predicted value of E/ is 
31 GPa, which is very close to the experimentally derived value.
5.4. SUMMARY
The degradation in modulus as a result of the accumulation of transverse ply cracking has 
been modelled for two laminate lay-ups; NCFA (WARP/WEFT)S and NCFB 
(WEFT/WARP)S. The experimental results have been compared with three types of 
shear-lag model. When the shear-lag parameter introduced by Lee and Daniel (1990) is 
used, good predictions for both NCFA and NCFB are produced. This model takes into 
account the parabolic variation of the shear in the longitudinal plies, as well as the 
parabolic variation of the longitudinal displacements in the transverse ply.
The waviness of the 0° tows of the NCFA laminates has been modelled by approximating 
the waviness to a sine wave. The predicted 0° ply modulus using this method agrees 
reasonably well with the modulus derived from the experimental results
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CHAPTER 5 
FIGURES
Figure 5.1. Schematic of lay-up for shear-lag model for non-stitched cross-ply
laminates
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Figure 5.3. Comparison of experimental data with theoretical predictions of 
normalised modulus as a function of crack density for NCFA
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Figure 5.4. Comparison of experimental data with theoretical predictions of 
normalised modulus as a function of crack density for NCFB
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Figure 5.5. Comparison of experimental data with Lee and Daniel Model (1990) 
predictions of normalised modulus as a function of crack density for 
NCFA (shaded data) and NCFB (unshaded data)
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Figure 5.6. Schematic representation of a warp fibre tow as a sine wave
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CHAPTER 6 
Conclusions
Damage development in non-crimp fabric glass/epoxy cross-ply laminates has been 
studied under quasi-static tensile loading conditions. Two laminate lay-ups have been 
studied, NCFA (WARP/WEFT), and NCFB (WEFT/WARP),. A characterisation of the 
transverse ply matrix cracking has been carried out. Damage morphology and laminate 
microstructure were observed in detail and the development of damage quantified as a 
function of strain using both photography and microscopy. The relationship between 
laminate “linear loop density” and the saturation crack density was compared and the 
degradation in modulus as a result of the accumulation of transverse ply cracking has 
been modelled. The experimental results were compared with three types of shear-lag 
model; that of Garrett and Bailey (1977), Steif (1984) and Lee and Daniel (1990). The 
following conclusions can be drawn from this work.
1. Damage initiates at a lower strain for NCFA laminates than for NCFB laminates. 
Unpolished-edge specimens showed a lower damage initiation strain than the 
polished-edge specimens, which has been attributed to the increase in damage sites 
along the rough unpolished specimen edge.
2. The transverse ply thickness in the NCFA coupons shows a slight variability, since 
nesting of the well-defined 90° ply fibre bundles is possible. In general, NCFB 
specimens have a thicker 90° ply due to the wavy, dispersed nature of the bundles in 
the transverse ply, with no nesting observed. Normally, it would be expected that 
thick transverse plies (as in NCFB) would yield a lower strain to crack initiation. 
However, this has not been found to be the case and is believed to be due to the 
dispersed nature of the 90° fibre bundles and consequent lower strain magnification 
between tows.
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3. All specimen types had a similar fibre volume fraction and showed similar values of 
Young’s modulus (which varied in proportion to the fibre volume fraction). A 
slightly lower Young’s modulus was found for the NCFA laminates which is due to 
the waviness of the 0° (warp) tows. The laminate plate theory prediction of modulus 
was in reasonable agreement with the experimental data, although it does not take into 
account structural features within the NCF laminates, since the predictions are based 
on an idealised, homogeneous cross-ply laminate. Failure strains and tensile strengths 
were much lower in the NCFA specimens compared to the NCFB specimens as a 
result of the misalignment of the warp 0° tows (up to 10° misalignment was found).
4. Damage accumulation in non-crimp fabric laminates has been found to behave in a 
similar manner to that observed in cross-ply laminates. Generally, cracks span the full 
width of the coupon and damage initiates at the coupon edge in all cases (as is usually 
the case for cross-ply GFRP laminates with ‘thick’ transverse plies). Damage is 
observed to propagate primarily through the loops in the NCFA specimens with 
unpolished edges, whereas this is not necessarily the case for specimens with polished 
edges. However, in the NCFB laminates, there is no preference for propagation 
through the loops, and overlapping with cracks propagating from the opposite edge 
halts some cracks. Thus the development of damage is dominated by the dispersed 
nature of the fibres in the transverse tows of the NCFB specimens. Cracks were 
observed in the surface resin-rich region for all specimen types, possibly due to a 
combination of relatively low fibre volume fraction (approximately 0.4) and fibre 
bundling, so that it is sometimes possible for transverse ply cracks to find a path to the 
surface of the coupon.
5. In unpolished NCFA specimens, saturation of matrix cracking occurred, indicating 
that all the preferred cracking sites, which are associated with the loops, were used. 
However, in the polished-edge specimens, no saturation occurred, as crack initiation 
was not confined to the loops. The NCFB specimens yielded higher strains to failure 
as a result of the good alignment of the 0° plies. These specimens showed no 
saturation of matrix cracking since, again, the matrix cracking was not confined to 
paths through or adjacent to loops.
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6. Measurements of Young’s modulus during incremental loading showed an initial 
increase in modulus prior to a decrease once cracks began to form, for both the NCFA 
and NCFB laminate types. Although the origin of the initial modulus increase is not 
entirely clear it may be related to straightening of the 0° tows. The subsequent 
degradation in modulus as a result of the accumulation of matrix cracks occurs in a 
similar manner to that observed in cross-ply laminates.
7. A new parameter, the linear loop density, has been introduced. This is defined as the 
number of loops per unit length of fabric blanket or combination of blankets. In some 
circumstances, the upper bound linear loop density for a laminate consisting of two 
fabric blankets correlated well with the saturation matrix crack density. This occurred 
because when the two fabric blankets were out-of-phase the matrix crack initiation 
sites are associated with the resin-rich regions caused by the loops, as in the 
unpolished NCFA coupons. The NCFB specimens all showed crack densities at 
failure well above the upper bound linear loop density, consistent with the lack of 
influence of the loops on crack accumulation (since the transverse tows in these 
coupons are more dispersed).
8. The degradation of modulus as a result of the accumulation in transverse ply matrix 
cracking was modelled using a model based on three slightly different shear-lag 
analyses, that of Garrett and Bailey (1977), Steif (1984) and Lee and Daniel (1990). 
When the shear-lag parameter introduced by Lee and Daniel (1990) is used, good 
predictions for both NCFA and NCFB laminates are produced. This model includes a 
parabolic variation of the shear in the longitudinal plies, as well as a parabolic 
variation of the longitudinal displacements in the transverse ply.
9. The waviness of the 0° tows of the NCFA laminates has been modelled by 
approximating the waviness to a sine wave. The predicted effective 0° ply modulus 
using this method agrees well with the modulus derived from the experimental results.
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CHAPTER 7 
Further Work
The following topics are suggestions for further work.
1. It would be useful to investigate the effects on the damage accumulation behaviour, 
and corresponding stiffness degradation, of biaxial non-crimp fabric laminates under 
quasi-static tensile loading, with a higher fibre volume fraction than that achieved in 
this work. The production of biaxial NCF laminates with higher fibre volume 
fractions (between 50 % - 60 %) can be achieved commercially by using two 
commonly used automated fabrication routes, i.e. resin transfer moulding (RTM) and 
resin film infusion (RFI). Comparisons between the RTM and RFI produced biaxial 
NCF laminates could then be made with the results of the current work.
2. As the quasi-isotropic polymer composite laminate is more frequently used 
commercially than the biaxial type, it would be fruitful to extend this current work on 
biaxial NCF laminates to consider a quadriaxial lay-up (i.e. 0°, 90°, ±45°). Recent 
preliminary in-house work by Edgington (1998), showed that the initiation of 90° ply 
matrix cracking in such laminates is clearly influenced by the presence of the 
stitching, which was not always found to be the case in the biaxial NCF laminates 
studied here.
3. Finally, this present work, on biaxial NCF laminates, could be extended to investigate 
the development of damage as a result of fatigue loading, and to examine whether the 
crack density/stiffness reduction behaviour is similar to that observed under 
quasi-static loading conditions.
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Abstract
Damage development in a non-crimp fabric glass/epoxy cross-ply composite has been 
studied under tensile loading conditions. The main form of damage, transverse matrix 
cracking, has been characterised using microscopy and quantified as a function of applied 
strain. The form of cracking developed is very similar macroscopically to that seen in 
non-stitched cross-ply composites, although the stitching loops influence the crack 
location. The effect of matrix cracking on the residual laminate modulus has been 
measured and the experimental results have been compared with a prediction based on a 
shear-lag model, which takes into account a feature of the laminate geometry resulting 
from the stitching. The shear-lag based model gives reasonable agreement with the 
experimental data.
Introduction
Textile structural composites have the potential for extending the engineering applications 
of composite materials significantly. Textile processes such as weaving, however, 
introduce deformation of the straight fibre tows with a consequent reduction in properties, 
an effect which has been modelled extensively by many workers including Chou, Naik 
and co-workers (e.g. Chou and Ko, 1990; Naik and Shembekar, 1992). A more recent 
addition to the class of textiles for composites is non-crimp fabric (NCF) which allows 
layers of continuous aligned fibre tows to be stitched together to produce multi-axial 
reinforcement with little or no crimp of the fibre (see for example Hogg and 
Woolstencroft, 1991).
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Due to the lack of fibre crimp, damage accumulation during tensile loading in NCF-based 
composites might be expected to be very similar to damage accumulation in non-stitched 
composite laminates produced using conventional methods. However, the complication 
introduced by the stitching yam leads to local variations in fibre volume fraction, resin- 
rich pockets and possible fibre misalignment (Godbehere et al, 1994), all of which can 
modify the laminate response. The present paper is concerned with characterising, 
quantifying and modelling the damage observed in a bi-axial NCF composite with a tricot 
knit stitching pattern.
Materials and experimental method
The reinforcing fabric used was Cotech® ELT566, a bi-axial 0/90 non-crimp, glass fibre 
fabric with polyester tricot knit stitching and balanced weights of fibres (283 gm'2) in the 
warp and weft direction. A two-layer symmetric fabric (0/90)s laminate was 
manufactured in-house using a wet lay-up technique and an epoxy resin matrix (Astor 
Stag) to produce a transparent laminate. Figure 1 shows low and high magnification 
views of the fabric with figure 1(a) showing that the fibres in the warp direction are 
slightly misaligned during fabric manufacture, whereas the weft fibres are well aligned. 
Figure 1(b) shows the stitching loop structure and the resulting separation of the fibre 
bundles. Specimens (20 mm wide by 230 mm long, with 50 mm aluminium alloy end 
tabs) were cut with the length parallel to the warp (0°) direction and loaded in quasi-static 
tension using an Instron 1196 tensile testing machine. Strain was measured using a 50 
mm gauge length extensometer and the stress-strain response was recorded using a 
computer data logger. Specimens were loaded to 0.4 % initially (which is below the onset 
of damage) and then incrementally at 0.1 % strain increments between 0.4 % and 1.4 % 
strain, recording the change in the Young’s modulus as a function of applied strain and 
crack density. Young’s modulus measurements were taken over the range 0.1 % to 0.4 % 
strain, which is below the onset of matrix cracking. In-situ plan view photographs were 
used to quantify damage development as a function of strain. In addition, 
photomicrographs were taken of the plan view and polished edge sections after failure in 
order to observe the damage morphology and laminate microstructure in detail.
Results and discussion
The total fibre volume fraction of the composite was measured from a bum-off test and 
found to be 46.2 %. However, edge sections (figure 2) showed that there was a resin-rich 
layer at the surface of about 0.06 mm thickness, which is probably due to the presence of 
the polyester stitching at the specimen surface. The overall laminate thickness is around 
1.11 mm and the thicknesses of the 0° ply (b) and the half-thickness of the 90° ply (d) is 
approximately 0.3 mm and 0.2 mm, respectively.
Under tensile loading, crack initiation occurred at an applied strain, s, of about 0.5 % (see 
figure 3, which shows experimental data from three specimens for crack density, l/2s, as 
a function of applied strain, where 2s is the average crack spacing) and increases with 
applied strain in a very similar manner to non-stitched cross-ply laminates (e.g. Garrett 
and Bailey, 1977). Figure 4 shows plan view photographs after damage has initiated and 
just prior to failure. The cracks generally extend across the full width of the specimen at
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high strains. Edge sections (figure 2) show that the majority of the cracks extend across 
the full thickness of the 90° ply, in common with non-stitched cross-ply laminates and 
woven glass fabric composites made with untwisted tows (Boniface et al, 1995). Detailed 
observations indicate that cracks which extend across the full specimen width grow within 
the resin-rich regions formed as a consequence of the stitching and hence that they pass 
very close to, or through, the loops (figure 5).
Measurements of the Young’s modulus during incremental loading showed that the 
modulus increased initially (prior to crack initiation) by about 1.4 % and then decreased 
once cracks began to form. Figure 6  shows Young’s modulus (E) as a function of applied 
strain for three specimens. The origin of the initial modulus increase is not entirely clear 
but may be related to straightening of the misaligned warp fibre tows. The subsequent 
modulus reduction, which is related to crack development, is of the order of 1 2  % prior to 
failure. Figure 7 shows experimental data for the modulus normalised by the peak 
modulus prior to crack initiation (E0) as a function of crack density. The initial increase 
in normalised modulus (E/E0) reflects the small rise in the measured modulus prior to 
crack initiation.
Figure 7 also includes the results of a shear-lag model (Steif, 1984) relating to this 
laminate geometry, modified to take into account the resin-rich regions at the laminate 
surface. Figure 8  is a schematic diagram of the idealised laminate lay-up used for the 
modelling. Due to the surface resin-rich region, the fibre volume fraction in the [0/90]s 
sub-laminate is higher than the bum-off volume fraction and is calculated as 51.5 %. The 
values of the transverse ply modulus (E2 =9.5 GPa) and the Poissons ratio, v23 (v23 = 0.3) 
were obtained from Sih (1979) for this fibre volume fraction.
For the modelling, it is necessary also to have a value for E/, which is the effective 
modulus of the warp plies which have the wavy fibre tows (figure la). The effective 0° 
ply modulus (E/) can be found from the rule of mixtures expression applied to the overall 
laminate fitted to the experimentally determined average peak undamaged modulus (E0) 
of 20.3 GPa, giving a value for E/ of 30.6 GPa. The rule of mixtures expression can 
again be used to find the effective undamaged modulus (E0') of the [0/90]s sub-laminate, 
which is 22.2 GPa.
The reduced modulus (E') of the [0/90]s sub-laminate as a consequence of cracking is 
found by applying the shear-lag expression, to give:
E'
Eo' 1 +
1
"b + d E,'" tanh(ls)
[e/J b E0'J As
eqn. 1.
where: A =
a G 2 3 (b + d ) E 0' and G 23 = eqn 2.
d 2bE 2E , 1 ' 23 2(l + v 23)
Here G23 is the out-of-plane shear modulus and s is half the crack spacing.
Having obtained a value for the reduced modulus, E', of the sub-laminate, the rule of
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mixtures can again be used to find the overall reduced laminate modulus, and hence E/E0 
as a function of crack density can be predicted. Predictions using a  = 1 and a  = 3 are 
shown in figure 7; a  = 1 assumes a linear variation of the longitudinal displacements in 
the transverse ply and a  = 3 assumes a parabolic variation. The prediction for a  = 1 is in 
reasonable agreement with the experimental data. It is interesting to note that in 
non-stitched cross-ply laminates, the assumption of a parabolic variation of the 
longitudinal displacements (i.e. a  = 3) usually gives better agreement with experimental 
data (e.g. Boniface et al, 1991). The much closer agreement here of the predictions based 
on a  = 1 may be related to differences in laminate geometry and response to cracking 
caused by the stitching, but further work is required to clarify this observation, including, 
possibly, the use of more sophisticated analyses (e.g. Naim, 1989; McCartney, 1990).
Conclusions
Damage accumulation in a bi-axial non-crimp glass fabric based cross-ply laminate has 
been studied under tensile loading. Observations indicate a marked similarity in crack 
accumulation and damage morphology between this laminate and non-stitched cross-ply 
laminates. However, it is clear that due to the more complex fibre architecture of the 
NCF material there are clearly identifiable sites for crack growth formed by the resin-rich 
regions between the stitched fibre bundles. The experimental data for modulus reduction 
as a function of crack density are described reasonably well by a model based on a 
shear-lag analysis.
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Figure 1 (a) Low and (b) high magnification views of one surface of the fabric.
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Figure 2 Photomicrograph of an edge section.
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Figure 3 Crack density as a function of applied strain.
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(a) Figure 4 (b)
In-situ plan view photographs 
(a) after damage has initiated, (b) just prior to failure, 
(specimen width = 20 mm)
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Figure 5 Photomicrograph of cracks intersecting stitch knots.
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Figure 6
Young’s modulus as a function of applied strain.
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Figure 7
Normalised modulus as a function of crack density, 
(experimental data and model for a  = 1 and a  = 3)
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Schematic diagram of the idealised laminate lay-up used for modelling. f 1
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